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ABSTRACT 
 Shewanellaceae are among the most widely studied electroactive 
microorganisms. This study reports on Shewanella putrefaciens under anaerobic 
conditions during applied potential while monitored by spectroscopy. The attachment 
of the microbe Shewanella putrefaciens onto an indium tin oxide electrode was found to 
occur after 2 hr of +0.2 V applied potential. Microbial detachment occurred with a 5 
mV/s scan rate cyclic voltammogram from +0.2 V to -0.5 V to +0.2 V. This was confirmed 
through use of a spectroelectrochemical apparatus utilizing a standard 3 electrode setup 
with evanescent wave spectroscopy. 
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CHAPTER 1 
INTRODUCTION  
 Microbial transfer of electrons to substrates in the environment (iron oxides, 
primarily) or in a microbial fuel cell (an electrode) is a field of contemporary interest. 
Our goal in this study is to help elucidate mechanisms of electron transfer by application 
of planar waveguide evanescent wave spectroelectrochemistry. 
 Electrochemically active microbes have become increasingly studied as an 
alternative energy technology with the call for renewable resources and other "green" 
technologies to replace fossil fuels. Some of the potential applications for these 
microbes are to generate electricity (e.g. microbial fuel cells) and bioremediation (e.g. 
wastewater treatment). However this research is still in its infancy as studies pursue to 
understand the processes used by these microbes.  
 Chapter 1 begins with background information about microbial fuel cells and 
electron transferring microorganisms. Electrochemical and evanescent wave 
spectroscopy methods used are also introduced. 
Microbial Fuel Cells 
 A microbial fuel cell (MFC) is an electrochemical device which converts the 
chemical energy of fuel (such as organic substrates) to electrical energy (i.e. current) by 
the catalytic actions of microorganisms. [1-4] Several types of fuel cells 
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including microbial fuel cells and enzymatic biofuel cells have been well documented in 
literature. [5,6] Various microbial or biochemical fuel cells have been developed using 
different bacteria such as Desulfovibrio desulfuricans, Proteous vulgaris, Escherichia coli, 
Pseudomonas species and redox enzymes as biocatalysts. [6]  
 A microbial fuel cell system can be used for various purposes including bacterial 
activity monitoring, electricity generation in a local area, or wastewater treatment 
processes by using organic contaminates in wastewater as fuel [7]. Microbial fuel cells 
have not been commercialized yet, and this may be due to difficulties in using mediators 
at a commercial scale. [3,6] 
 In a typical microbial fuel cell, the microorganisms oxidize a substrate and 
generate a potential by making the substrate electrons available to the electrode. The 
current generation of a microbial fuel cell has been found to be dependent on the 
bacterial cell concentration and on the electrode surface area. These results suggest 
that the electron transfer from the bacterial cells to the electrode also depends on 
physical contact between the cells and the electrode. [7-9] 
 Though the direct transfer of electrons from microbial cells to electrodes has 
been demonstrated, this process is oftentimes inefficient both in terms of the 
proportion of electron transferred (i.e. the Coulombic yield) and the rate of electron 
transfer (i.e. the current generation) [3,6,10,11]. For this reason it has been suggested 
that electrochemical mediators are essential for the microbial fuel construction. This is 
discussed in the section comparing direct electron transfer (DET) and mediated electron 
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transfer (MET). However, this does not preclude the design and use of a mediator-less 
microbial fuel cell should the right mix of microbes and substrates be used. [7] 
 For general use of microbial fuel cells, electrochemically active microbes with the 
ability to use wide range of electron donors are needed in pure cultures or in consortia. 
When the microbes are first injected into the MFC they are known to attach to surfaces 
and form a biofilm.  The length of time required for full microbial attachment varies on 
the type of electrode surface, MFC, and consortia of microbes used.  It is believed that 
useful mediator-less microbial fuel cell systems could be obtained by modifying and 
improving the fuel cell formats and electrodes. Studies are also being done to obtain 
microbial cultures which metabolize complex organic contaminants in the microbial fuel 
cell. [12]  
 Pure culture MFCs tend to have a high substrate specificity compared to mixed 
culture systems [13] while mixed culture MFCs generally need a longer time to obtain a 
stable power output compared to pure culture MFCs. [14] 
 S. putrefaciens IR-1 has been tested in a microbial fuel cell and has been found to 
produce a potential of up to 0.5 V. [12] Electron donors used by S. putrefaciens under 
anaerobic conditions are limited to few organic acids including lactate and pyruvate. 
[15] For this reason the microbial fuel cell using S. putrefaciens cannot be used to 
convert complex organic fuels into electricity, though this microbial fuel cell can be used 
as a lactate biosensor with low specificity. [9] 
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 However, the applied electrode potential on an anodic mixed culture derived 
biofilm determines the microbial composition. [16] This effect also allows pure culture 
biofilms to be influenced by applied potential. An example is that the 
chronoamperometric biofilm growth of Shewanella oneidensis MR-1 decreased the lag 
period from 90 days at 0 mV to 5 days at +500 mV (vs Ag/AgCl). [17] The decrease may 
be related to the impact of potential on bacterial behavior and/or migration. 
 Attachment of the bacterium Shewanella putrefaciens to an electrode is 
expected to increase efficiency of electron transfer due to a minimal distance between 
the microbe and the electrode.  Application of a positive potential is believed to attract 
S. putrefaciens due to the outer membrane of the microbe having a net negative charge 
[18]. Literature reports increased current when a positive potential is applied (see above 
discussion). [19] 
 S. oneidensis MR-1 is believed to show some motility towards electrodes and 
thus the availability of its cellular appendices (wires, pili and flagella) clearly determines 
its electron transfer performance. [20] Likewise an increase in cell swimming speed 
when whole cells of Shewanella species (S. oneidensis MR-1, Shewanella amazonensis 
SB2B and S. putrefaciens CN32) were exposed to varying electrode potentials. [21] The 
effect of applied potential was experimented on Shewanella loihica PV-4 (from -400 mV 
to +200 mV vs. Ag/AgCl), which showed an activity increase for potentials greater than -
220 mV vs Ag/AgCl. [22]  Another experiment [23] with S. oneidensis MR-1 and S. loihica 
PV-4 demonstrated that depending on the potential of bacteria cultivation, the electron 
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transfer pathways can be switched from DET to MET and the formal potential of the DET 
[22] is also triggered by the redox-conditions during cultivation.   
 Wang et al. [14] reported that applying a +200 mV potential vs Ag/AgCl reduced 
the MFC start up time from 59 to 35 days. Likewise the current output was increased 
from 0.42 to 3 mA during the start up time. The results were verified with current 
recovery tests, electrochemical impedance spectroscopy analysis, and polarization tests. 
The experiments showed that charge transfer resistance decreased and power output 
increased when positive potential was applied on the anode, indicating that positive 
potential could increase the electrochemical activity of anodic biological community 
during start-up. When the experimental and control MFCs (i.e. with and without applied 
potential during start-up) generated reproducible power stably, similar power outputs 
were obtained. This indicates that applying potential can reduce the total start-up time 
but will not affect the final output once a biofilm is established.  Similar results (no 
change in power output once a MFC was established) were reported when anode 
potentials were poised at negative potentials (versus Ag/AgCl) [24]. It has also been 
noted that microbes can be incubated on the surface of anode by using a controlled 
anode potential over a range from −58 to 680 mV versus Ag/AgCl [8,25] 
The microbe Shewanella putrefaciens  
 The evolution of the electron transfer process from a microbe to an outside 
electron sink resulted in what has been referred to as dissimilatory iron-reducing 
bacterium (DIRB). DIRB are known to reduce solid minerals containing Fe(III) or Mn(IV). 
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[26] DIRB genomes also encode for an unusually large number of c-type cytochromes 
[27,28] (membrane-bound, heme-containing proteins best known for their role in 
electron transport). Some of these are known to be expressed on the outer surface of 
the outer membrane [29-32] and so may act as terminal reductases for electron transfer 
to mineral surfaces. [5,33-35] 
 Shewanella putrefaciens is a gram negative facultative microbe [19] known for its 
ability to use a variety of compounds, such as nitrate, fumarate, Fe(III), and Mn(IV), in 
the absence of oxygen. [36] Because of its ability to transfer electrons to extracellular 
material the Shewanella family has been studied in microbial fuel cells. [37] Electron 
transfer from the microbe to an electron sink occurs either through direct electron 
transfer, via direct attachment or microbial nanowire [19,26], or from mediated 
electron transfer. [19,26,38] 
 Outer membrane cytochrome c proteins are believed to facilitate the DET in the 
Shewanella genus. [7,12,19,26,38] The majority of membrane bound cytochromes 
(~80% [12,17]) are in the outer membrane when S. putrefaciens is grown anaerobically 
[7], higher than the amount in aerobically grown cells. [38] MET has been found to play 
a minor role in S. putrefaciens as DET dominates, in contrast to other species of the 
Shewanella family such as S. oneidensis MR-1. [19] 
 Shewanella putrefaciens is a facultative microbe, meaning that it is capable of 
growing with or without the presence of oxygen. [7] When oxygen is present in an 
aerobic environment then the S. putrefaciens shows minimal or no electron transfer 
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when undergoing electrochemical experiments. [12] The presence of oxygen results in 
the lack of production of outer membrane cytochromes. [7] Without these cytochromes 
the S. putrefaciens is unable to undergo direct electron transfer to an electrode.  
 When no oxygen is present (in an anaerobic environment) then S. putrefaciens is 
forced to use alternative electron acceptors and becomes electrochemically active. 
[7,12]  This results in a greater amount of cytochromes in the outer membrane. [7] 
These cytochromes allow for direct electron transfer as the electron can now travel 
through the outer membrane.  
 Exposure to air by anaerobically grown (i.e. electrochemically active) S. 
putrefaciens will reversibly inactivate the electrochemical activity. [7] Kim et al. found 
that if lactate is added and the S. putrefaciens undergoes applied potential of +200 mV 
vs an Ag/AgCl reference electrode then the electrochemical activity will be restored. [7] 
Literature, however, does not state if the restored electrochemical activity increases or 
decreases compared to a purely anaerobic growth.  
 Cells of S. putrefaciens are shown to be electrochemically active through the use 
of cyclic voltammetry (CV) when anerobically grown. [7,12,19] Kim et al. suggests that 
cells grown aerobically prevents the synthesis of outer membrane cytochromes, leading 
to a loss of activity in CV scans. [7] 
Direct and Mediated Microbial Electron Transfer 
 Electron transfer from a microbe to an electron sink occurs through either direct 
or mediated contact.  A microbial cell is inherently electrochemically inactive due to the 
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cell wall and other surface structures being naturally nonconductive. [7,39] Likewise 
literature also states that while a large number of redox proteins are electrochemically 
active, the direct electron transfer between a redox protein and an electrode is 
hindered by the peptide chain adjoining the active redox center of the protein. [7] 
However if a connecting peptide chain or redox protein, such as cytochrome c, is 
connected through or located in the outer membrane then it allows for electron 
transfer through the cell wall and to an outside electron sink, such as an electrode. [39] 
Anaerobic Shewanella has a redox activity around -0.2 V vs Ag/AgCl reference electrode. 
[7,12] 
 Direct electron transfer happens either through membrane bound redox 
enzymes [26,40-43] touching the electron sink or when a 'nanowire' pili [44-47] extends 
from the microbe and provides direct contact. In the microbe S. putrefaciens it is 
believed that cytochromes are responsible for the direct electron transfer that occurs 
between the microbe and external electron sinks. [19,48] The effect of DET in S. 
putrefaciens NCTC 10695 was noted in literature as the dominant electron transfer 
method and that planktonic cells (i.e. cells floating in culture not attached to anything) 
only play a minor role. [19] The dominance of DET in that experiment was ascribed by 
Carmona-Martinez et al. to the low concentration of mediator in the medium and thus 
fast establishment of a biofilm at the electrode. [19] 
 Other types of biofuel cells, including microbial fuel cells and enzymatic biofuel 
cells, have been well documented in literature. [6] They, however, require an 
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electrochemical mediator to produce efficient electron transfer between microbial cells 
and an electrode. [3,10,49] Known mediators for some of these fuel cells include 
thionine, methyl viologen, 2-hydroxy-1,4-naphtoquinone, and neutral red among others. 
[6,49] 
 Mediated electron transfer uses a mediator [26,50-52] such as a secondary 
microbial metabolite serving as a temporary electron sink.  The molecule is reduced 
from the microbe then diffuses to the electron sink (e.g. electrode) where it is then 
oxidized by transferring the electron to the sink. The re-oxidized molecule then diffuses 
back to the microbe ready to be reduced again, as both the oxidized and reduced forms 
of the mediator are permeable to the microbial membrane. [7] In essence, the mediator 
simply shuttles electrons between the microbial cells and the electrode. [7,12] 
 The effect of a mediator has been noted in literature. Kim et al. found that a 
microbial fuel cell containing E. coli NCBI 10772 showed no increase in potential 
following the addition of glucose as fuel. However when methylene blue was added as a 
mediator the potential increased, indicating the effect of MET on a microbe that is 
incapable of DET. [12] 
 Even though S. putrefaciens primarily uses DET, the MET of Shewanellaceae is 
able to exploit redox shuttles including humic substances [53,54], melanin [55,56], 
menaquinone [57], as well as riboflavin [58], flavinmononucleotide [59,60] and their 
derivatives.  The use of mediators does not preclude the use of cytochromes for 
extracellular electron transfer. [51,59,61] Some strains of the Shewanella family (e.g. S. 
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oneidensis MR-1 [51,58,62], S. loihica PV-4 [63], S. baltica Os155 and Os195 [58], S 
frigidimarina NCIMB400 [58], and S. decolorationis NTOU1 [64]) can biosynthesize these 
mediators under aerobic and anaerobic cultivation. The ability to synthesize suitable 
amounts of these electron shuttles (especially for anaerobic conditions, where energy 
for biosynthesis is limited) is not unequivocally established for all Shewanella species 
[58]. Because of the wide range of parameters expressed by cytochrome c on the 
outermembrane and/or production of mediators it is of crucial importance to consider 
the exact conditions during biofilm growth and development. [65] 
 
Figure 1: Diagram of electron transfer between a microbe and an electrode.  Direct 
electron transfer is shown through direct contact with the outer cell membrane and 
through contact with a nanowire extending from the microbe.  Mediated electron 
transfer is shown via a mediator moving between the microbe and the electrode. 
 
Faradaic Processes 
 Microbial fuel cells are based on electrochemical processes.  In this section some 
electrochemical basics are reviewed.  
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 Current is the result of charge transfer across the microbe-electrode interface 
when the Shewanella putrefaciens undergoes electrochemical reactions at the electrode 
surface. In other words, electron transfer reactions at an electrode surface occur when 
electrons residing in a high energy state find a path to a low energy state. Such electron 
transfer can occur between molecules (whether in a microbial membrane or in solution) 
or between electrodes and molecules. In electrochemistry, energy is applied to a 
solution in the form of an electrode potential and current is subsequently measured. 
ΔG = -nFE          (1) 
where ΔG is the energy applied in joules (coulomb-volts), n is the number of equivalents 
(electrons per mole), F is the Faraday constant (9.64846x104 C/eq), and E is the applied 
voltage (V). The number of equivalents, n, is shown in a reduction reaction: 
                      (2) 
 In electrochemistry, an electrode consisting of some charge conducting material 
is placed into a conductive media. A second electrode is connected through a voltage 
(energy) source.  Before ΔG (energy) is applied to the electrode surface, the solution is 
in equilibrium with a Boltzman-like distribution of ions in the oxidized and reduced 
states. 
              
          
          (3) 
where T is the temperature, R is the molar gas constant, and ΔGsoln,eq is the free energy 
of the solution in its equilibrium state.  
 This equation can be rearranged to: 
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At standard state conditions, Esoln = E° and [Red] = [Ox]. At other conditions 
               
  
  
   
     
    
        (6) 
Equation 6 is known as the Nernst equation. 
 Three factors that give rise to the strengths and weaknesses of electrochemical 
methods include heterogeneity of the solution, time scale of the primary event (rate of 
electron transfer event), and the coupling of chemical processes.  Voltammetric 
techniques have all the advantages of the above mentioned factors and cyclic 
voltammetry, to be precise, is the method of choice by most electrochemists.  Cyclic 
voltammetry, for instance, has the capability of rapidly observing redox behavior over a 
wide potential and kinetic range. 
Voltammetry 
 Voltammetry comprises a group of electroanalytical methods in which 
information about the analyte is derived from the measurement of current as a function 
or applied potential obtained under conditions that encourage polarization of an 
indicator, or working, electrode. In order to enhance polarization, the working 
electrodes are microelectrodes having surface areas of a few square millimeters at the 
most and in some applications, a few square micrometers or less.   
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 In voltammetry, a variable potential excitation signal elicits a characteristic 
current response upon which the method is based. Cyclic voltammetry is used as a tool 
for fundamental and diagnostic studies that provides qualitative information about 
electrochemical processes under various conditions. It is a most versatile 
electroanalytical technique for the study of electroactive species (species that undergo 
reduction and oxidation). It has become an important tool for the study of mechanisms 
and rates of oxidation/reduction processes since it usually reveals the presence of 
intermediates in the oxidation/reduction processes. 
Cyclic Voltammetry 
 In cyclic voltammetry, the current response of a small stationary electrode in an 
unstirred solution is excited by a triangular potential waveform (Figure 2). A supporting 
electrolyte must be present to repress migration of charged reactants and products.  For 
an oxidized substrate, the potential scan is in the negative direction and starts from a 
value more positive to its formal potential.  As the potential approaches the formal 
potential, a Faradaic current, due to the reduction of the substrate at the electrode 
surface, is observed in the cyclic voltammogram (Figure 3). The electrode surface is 
eventually depleted of oxidized species and a diffusion layer forms. This causes the 
current to tail off and a peak shape forms.  When the potential scan is reversed, 
Faradaic current of opposite sign appears as the substrate is regenerated through an 
oxidation reaction.  
14 
 
 
 Important parameters in cyclic voltammetry are cathodic peak current, ipc, 
anodic peak current, ipa, cathodic peak potential, Epc, and anodic peak potential, Epa, as 
illustrated in Figure 3. For a reversible reaction, anodic and cathodic peak currents are 
approximately equal in absolute value, but opposite in sign. One method of measuring 
the peak current involves extrapolation of a baseline current as shown in Figure 3.  
 
Figure 2: Representative excitation signal for cyclic voltammetry (a triangular potential 
waveform with switching potentials at 0.2 and -0.5 V versus Ag/AgCl). 
 
 
Figure 3: Cyclic voltammetry of 3 mM Na3Fe(CN)6 in N2 purged 30 g/L tryptic soy broth. 
Scan initiated at 0.5 V versus Ag/AgCl in negative direction at 5 mV/s. 
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 The formal reduction potential (E°) for a reversible couple is centered between 
Epa and Epc.  
i.e.       
       
 
         (7) 
where Epa is the anodic (oxidative) peak potential and Epc is the cathodic (reductive) 
peak potential.  
 The number of electrons transferred in the electrode reaction (n) for a reversible 
couple can be determined from the separation between the peak potentials, which at 
ambient temperature is: 
                  
     
 
        (8) 
 The peak current for a reversible system is described by the Randles-Sevcik 
equation for the forward sweep of the first cycle as: 
ip = (2.69x10
5)n3/2AD1/2Cν1/2        (9) 
where C is the concentration of solution species (mol/cm3), ν is the scan rate (V/s), A is 
the area of the electrode (cm2), and D is the diffusion constant (cm2/s).  
 When a CV is not chemically reversible, several other possible processes may be 
taking place.  One of such processes is the conversion of the oxidized or reduced species 
to an alternative form.  An example is known as an EC mechanism, which involves an 
electron transfer followed by a chemical reaction. 
A+ + e- ↔ A ⇒ B         (10) 
where B is a new chemical species.  
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 Likewise a CE mechanism is also possible and involves a chemical reaction prior 
to electron transfer.  
B+ ⇒ A+ + e- ↔ A         (11) 
Both of these processes can generate CVs that are irreversible. 
 Electrodes intentionally modified with adsorbed species, which can promote 
irreversibility, have been developed.  These adsorbed species include polymers, 
inorganic layers, organics, and biological molecules.  Applications include 
electrocatalysis for fuel cells and batteries, analytical sensors, molecular electronic 
devices, and electrode protection.  Modified electrodes can be utilized to study reaction 
rates in the coating itself. 
Applied Potential via Controlled Potential Electrolysis 
 The principle behind the Controlled Potential Electrolysis (CPE) experiment is 
very simple, as it applies a predetermined potential for a known time and measured the 
output current. For example, if only the oxidized species is initially present then the 
potential is set at a constant value sufficiently negative to cause rapid reduction and is 
maintained at this value until only the reduced species is present in solution.  The 
current approaches zero as all of the oxidized species becomes reduced. The total 
charge passed during the CPE experiment is calculated by integrating the current either 
visually from the graph produced by the program in use or through Faraday's law: 
Q = nFN          (12) 
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where Q is the total charge transferred, n is the number of electrons transferred per 
molecule, F is Faraday's constant (96485 C mol-1), and N is the amount of material 
electrolyzed (mol). Therefore, if one or the other of n or N is known, the other can be 
calculated.   
 The value of the applied potential is determined based on the redox potential of 
the analyte, which can be initially measured by cyclic voltammetry. For a reduction, the 
ideal potential is around 200 mV more negative than the redox potential so that the rate 
of electrolysis is controlled by the rate of mass transport to the working electrode. 
However, it is not always possible to use a potential too far removed from the redox 
potential due to electrolysis of other electroactive materials (e.g., electrolyte, solvent , 
or other components of the solution mixture). 
 The size of the electrodes required for CPE is significantly different than those 
used for other electrochemical experiments (in which only a very small fraction of the 
electroactive molecule of interest is electrolyzed).  Other electrochemical experiments 
may prefer the use of microelectrodes whereas CPE is enhanced with increased surface 
area from larger electrodes (both working and counter electrodes).  Stirring the solution 
also increases the rate of mass transport. The counter electrode must be isolated from 
the working electrode to prevent species that are electrogenerated at the counter 
electrode from interfering with electrolysis at the working electrode. However, care 
must be taken when choosing the material used to isolate the counter electrode from 
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the working electrode, since high resistance material may affect the efficiency of the 
electrolysis. 
Spectroelectrochemistry 
 Electrochemistry can be combined with a quite different technique, 
spectroscopy, for studying the redox chemistry of inorganic, organic, and biological 
molecules. Oxidation states are changed electrochemically by addition or removal of 
electrons at an electrode while the spectral measurements are made simultaneously. 
This technique is a convenient way of obtaining spectra of electrogenerated species and 
redox potentials and for observing subsequent chemical reactions of electrogenerated 
species. Frequently used optical techniques in spectroelectrochemistry are absorption 
spectroscopy in the ultraviolet, visible, and infrared regions.  UV and visible 
spectroelectrochemistry are quite commonly employed for the identification of 
electrode reaction products and intermediates. Fiber optics have been used for the 
illumination and collection of light near electrode surfaces.  A fiber-optic absorbance 
probe in conjunction with a bulk electrochemical cell can be employed for the 
examination of low concentration analyte species. Transparency is due to the thinness 
of the conducting film (100-500 Å). 
 Initial development of spectroelectrochemistry was stimulated by the availability 
of optically transparent electrodes (OTE), which enable light to be passed directly 
through the electrode and adjacent solution.  Electrode transparency is necessary for 
several spectroelectrochemical techniques.  One type of OTE consists of a very thin film 
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of conductive material such as Pt, Au, SnO2, C, or Hg-coated Pt, that is deposited on a 
transparent substrate such as glass or plastic (visible), quartz (UV-visible), or Ge 
(infrared), depending on the spectral region of interest. 
 The primary advantage of a spectroelectrochemical technique is that it provides 
complementary spectral data to the voltage or current response of more conventional 
electroanalytical techniques. For instance, such parameters as diffusion coefficients and 
rate constants, which are difficult to determine with conventional analytical 
measurements, can be easily determined with absorbance measurements. 
 The advantages of conducting spectroelectrochemical experiments with 
attenuated total reflection (ATR) geometry were established in the 1960s.  Itoh and 
Fujishima were the first to demonstrate the advantages of performing ATR 
spectroelectrochemistry in the integrated optical waveguide (IOW) regime. [66,67] They 
fabricated IOWs that were coated with an electroactive antimony-doped SnO2 layer. 
They observed sensitivity enhancements ranging from 20 to 150 for adsorbed films of 
methylene blue. 
 Heineman and coworkers (2000) used a model sensor consisting of a cationically 
selective sol-gel-derived Nafion composite film coated on an indium tin oxide (ITO) 
electrode, with Ru(bpy)3
2+ as model analyte, to demonstrate signal acquisition 
techniques. [68] They also demonstrated the use of a mediator to detect a 
nonabsorbing analyte during spectroelectrochemical modulation.  They used charge-
selective composite film of Nafion-SiO2 to entrap the mediator, Ru(bpy)3
2+. They then 
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observed the change in modulation amplitude, as determined by ATR, upon addition of 
the analyte, ascorbate.  A larger change was observed for thinner films. [68] 
 Armstrong et al (1997) have reported highly sensitive spectroelectrochemistry of 
adsorbed films on ITO with the electroactive integrated optical waveguide (EA-IOW). 
[69] The EA-IOW, a planar waveguide coated with an ITO layer, was found to be about 
104 fold more sensitive to changes in absorbance occurring during electrochemical 
events as compared to a single pass transmission spectroelectrochemical experiments, 
as demonstrated by adsorbed methylene blue.  The EA-IOW was also observed to be 
selective to near-surface events, as it was relatively insensitive to absorbance by 
solutions of dissolved chromophores at less than 1 mM. 
Planar Waveguide 
 The principle of operation of planar waveguides is the same as that for optical 
fibers that are circular in cross section.  A planar waveguide electrode device is 
comprised of a thin film of membrane deposited on an optically transparent electrode 
(OTE), which is supported over a cladding material. 
 The refractive index of a medium is defined as 
Refractive index,     
 
 
        (13) 
where c is the velocity of light in a vacuum and v is the velocity of light in a high 
electronic medium.  The refractive index is greater than one because the velocity of light 
is less in any medium than in a vacuum. That is, light slows down in any medium.  
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Figure 4: Schematic representation of incident (Ii), reflected (Ir), and refracted (It) light 
associated with the change of propagating medium. 
 
 From Snell's law, incident (Ii), reflected (Ir), and transmitted or refracted (It) light 
occurring at the interface of two media are related as follows: 
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         (15) 
where Φ is the angle of incidence, θ is the angle of refraction, n1 and n2 are the 
refractive indices of medium 1 and 2, respectively. 
 When light enters a waveguide electrode device at an angle less than the critical 
angle, the light will be contained within the waveguide (cladded) medium, with the 
exception of a surface or evanescent electric field, which is generally small in distance 
(100 nm). To achieve this, the refractive indices of the cladding materials (the thin film 
and the underlying OTE cladding) should be less than the refractive index of the guided 
material so that the entering light is totally internally reflected and contained within the 
latter. 
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 The evanescent wave penetrates only a fraction of the wavelength into the 
sample, allowing measurements to be made in highly scattering liquids. The penetration 
depth is related to launch angle and the refractive index: 
      
 
    
        
  
  
 
 
 
 
 
 
       (16) 
The true extent of penetration of the evanescent wave is about three times the 
calculated   . [70,71] 
 Light intensity contained in the evanescent field and subject to attenuation is 
about 4%. The evanescent field extends from the waveguide surface into the 
superstrate, probing both the film and any adsorbed analyte close to the waveguide 
surface.  This results in enhanced sensitivity and selectivity of waveguide systems, which 
ensures us of selective analyses. For example Heineman and coworkers (2000) 
incorporated planar waveguide technology into a spectroelectrochemical sensor. [72] In 
the sensor design, potassium ion-exchanged BK7 glass waveguide was over-coated with 
a thin film of ITO that served as an OTE, and a chemically selective film was spin-coated 
on top of the ITO film.  They investigated the impact of the ITO film on optical properties 
of the waveguide and on the spectroelectrochemical performance of the sensor.  They 
found that this waveguide spectroelectrochemical sensor results in an enhancement in 
sensitivity of about 6-fold over the corresponding mid-infrared (MIR) device. The 
exponential decay (calculated depth of penetration) of the evanescent field provides the 
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capability to perform spatially selective optical measurements of the environment 
adjacent to the waveguide surface.    
 The sensitivity of a waveguide is a function of the total percentage of adsorbed 
light present in the evanescent field.  Using a raw optics model to describe light 
propagation, this percentage is related to the number of reflections that occur per unit 
waveguide length, N.  The reflection density (number of reflections per unit distance, 
 
 
) 
at the waveguide/film interface for a waveguide of thickness d2 can be approximated as: 
 
 
                    
         (17) 
where Δ21 and Δ23 are Goos-Hänchen shifts at the waveguide/film and 
waveguide/substrate interfaces, respectively. 
 Decreasing waveguide thickness increases the number of reflections, and thus 
increases the interaction of light in the waveguide with the superstrate above the 
electrode.  Increasing the glass thickness decreases the percentage of total light power 
in the waveguide contained in the evanescent field, thus decreasing the absorbance 
sensitivity. Sensitivity enhancement can, therefore, be achieved by decreasing the ITO 
layer thickness.  A decrease of 10 nm would theoretically double sensitivity.  However, 
there is a practical limitation to this, as losses in the waveguide need to be kept to a 
level where it is possible to measure the outcoupled light intensity after traversing a 
reasonable electrode area.  
 Indium tin oxide is a transparent conductor with substantial transmittance in the 
visible spectrum and near IR regions.  This coating can be deposited on a wide range of 
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materials, which exhibit superior adhesion, compact density, uniformity, and thermal 
stability. ITO is a highly absorbing medium as compared to other waveguide materials 
such as the glass substrate and the deposited film, but its attenuation of light at various 
wavelengths is very small.  It also exhibits a high refractive index (n ≈ 2.0), which shifts 
the electric field distribution towards the superstrate, increasing the field strength at 
the ITO/superstrate interface and enhancing optical losses due to absorbance. [73-76] 
The high refractive index of ITO increases waveguide sensitivity. For efficient 
propagation of light through the waveguiding structure, the refractive indices of the 
glass substrate and the thin film should be less than that of the ITO layer.  Electric field 
amplitude is greatest in the glass substrate, which is critical to operation of these 
devices, as too much power in the ITO layer will lead to unacceptable propagation loss 
in the waveguide system.   
 In an electrochemical experiment at a bare ITO electrode with an electroactive 
probe molecule there is usually little change in the evanescent wave signal observed 
during the course of the experiment. This is true even for optically active molecules 
because diffusion allows the surface concentrations to be controlled by the bulk 
solution concentration.  When the ITO is coated with an additional layer restricting 
diffusion, such as clay, the concentration of the probe molecule within the evanescent 
wave is a function of the applied potential at the electrochemical surface instead of the 
bulk solution concentration. Likewise if the optically active compound is 
adsorbed/attached to the surface then the evanescent wave can measure the 
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desorption/detachment of the compound.  Hence the ITO electrode can be used to 
probe in situ UV-Vis changes of molecules or microorganisms held close to the electrode 
surface.  The UV-Vis change of microorganisms are expected on oxidation and reduction 
due to the outer membrane cytochrome c.  
Cytochrome C  
 Electron transfer from a Shewanella microbe to an electron sink is believed to 
occur through a series of cytochromes.  While the entire pathway is still unknown, 
antibody recognition force microscopy showed that the cytochromes OmcA and MtrC 
are expressed on the exterior surface of living Shewanella oneidensis MR-1 cells when 
Fe(III) was the terminal electron acceptor. OmcA was localized to the interface between 
the cell and mineral. MtrC displayed a more uniform distribution across the cell surface. 
Both cytochromes were associated with an extracellular polymeric substance. [38]  
 OmcA is an 85kDa decaheme outer membrane c-type cytochrome. [26] Direct 
electrochemistry of purified OmcA (harvested from S. putrefaciens MR-1) on Fe2O3 
electrodes was observed using cyclic voltammetry, with cathodic peak potentials of -380 
to -320 mV versus Ag/AgCl. Variations in the cathodic peak positions are speculatively 
attributed to redox-linked conformation changes or changes in molecular orientation. 
Purified OmcA can exchange electrons with ITO electrodes at higher current densities 
than with Fe2O3. Overall, OmcA can bind to and exchange electrons with several oxides, 
and thus its utility in fuel cells is not restricted to Fe2O3. [26] The native protein includes 
a lipid-binding site that is presumed to hydrophobically anchor the protein to the outer-
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membrane. [77] Although the structure of OmcA is not yet known, it is reasonable to 
assume that the lipid-binding site would be attached to the outer-membrane, leaving 
the portion of the protein suited for interaction with the mineral, roughly speaking, on 
the opposite side. [26] 
 Wiggington et al. [78] used scanning tunneling microscopy to determine that the 
diameter of an individual cytochrome is 5 to 8 nm. Lower et al. [79] estimated that S. 
oneidensis has 4 x 1015 to 7 x 1015 cytochromes per square meter by comparing atomic 
force microscopy measurements for whole cells to force curves on purified MtrC and 
OmcA molecules. These values can be used to create a simple, geometric, close-packing 
arrangement of MtrC or OmcA molecules on a surface. Using this approach, 
cytochromes could occupy 8 to 34% of the cell surface. This estimate is in agreement 
with the results obtained from atomic force microscopy. [38] 
 It is noted that, in nature, OmcA does not operate in isolation. OmcA is known to 
complex with another outer-membrane decaheme cytochrome, MtrC, in a 2:1 
OmcA:MtrC ratio [77]. The complex may operate in a completely different manner than 
does isolated OmcA. For example, a complete catalytic cycle, with electron transfer to 
iron oxide followed by ‘‘reloading’’ with electrons from upstream in the electron 
transport chain, may require a complete complex as well as other as yet unknown 
proteins or other molecules.  
 Other reducible minerals include S. putrefaciens 200R which attaches to 
ferrihydrite and magnetite [80], Shewanella oneidensis MR-1 is capable of attaching to 
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calcite surfaces [81] and can recognize the crystal surfaces of goethite and diaspore. [82] 
Furthermore, MR-1 seemed to be able to modify the molecular arrangement at its outer 
cell membrane and react to molecular configurations present at the crystal surface. This 
is a strong argument for microbial recognition of mineral surfaces and microbe response 
to these surfaces. Indeed, such attachment is required for respiration. In addition to iron 
mineral reduction, microbes are capable of reducing iron in clay crystals. 
 The first published report of microbial influence on the oxidation state of 
structural Fe in smectite was in 1986 by Stucki and Getty [83] when four different 
Bacillus microbes were found to reduce Fe in clay. Following this initial publication, 
Komadel et al. [84] continued with the investigation of microbial reduction of Fe in clay. 
Three different smectites: ferruginous smectite SWa-1 from Grant County, Washington; 
API 33a, Garfield nontronite; and API 25, Upton montmorillonite were reduced. 
However the specific organism responsible for the Fe reduction was never classified.  
 Gates et al. [85] studied the reduction of structural Fe in ferruginous smectites 
by using a mixture of five Pseudomonas species of bacteria and found that a consortium 
of these microbes was more effective than any of the individual species alone. While 
using a mixture of microbes elicits itself to further study, current research is normally 
focused in the establishment of single culture results. 
As a result it is thought that a microbe would better attach to a clay surface rather than 
directly to an electrode. 
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 With this thinking, preliminary clay modified ITO experiments were performed. 
Placing a thin clay layer on the ITO electrode was in hope of capturing greater microbial 
electrochemical activity by having a higher concentration of the microbe at the 
electrode, i.e. reducing the distance between microbes and the electrode.  
 The spectroelectrochemical setup was verified with a clay coating when a thin 
clay layer was applied and tested with [Ru(bpy)3]
2+, as described in Chapter 2. This 
chapter provides background on clays and results obtained from clay modified 
electrodes.  
 Clays have been shown to have open structures favorable for interactions with 
enzymes and which intercalate redox mediators. The open structure enables clays to 
serve as host matrices likely to immobilize enzymes onto electrode surfaces. They may 
make excellent modifications for microbial fuel cells. Electrochemical biosensors have 
been developed for clays, too. This biosensor success lies in the ability to immobilize a 
large variety of enzymes within an open bidimensional structure favorable to analyte 
diffusion. [86]  
Properties of Clays 
 Clays come in a variety of sizes, shapes, layer charge, elemental composition, 
and spaces between ion exchange sites.  Clays are low cost, ubiquitous, have large 
surface areas [87,88], and can serve as cation-exchangers and catalyst supports. 
[87,89,90] Due to the very high cation exchange capacity (CEC) (measured in 
milliequivalents of charge per 100 g), clays exhibit unusual intercalation and swelling 
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properties that enhance diffusion of molecules through clay films. [87,91,92] Clays also 
serve as useful support matrices for redox reactions and exhibit many desirable 
electrochemical properties for the modification of electrodes. [93-96] Clays are highly 
stable, which results from the high surface area, special structure, and distinguishing 
features of the particles. Clays are composed of hydrous aluminosilicate layered 
materials and the exchange of cations occurs in between these aluminosilicate layers.  
The acidity and interlayer spacing of clays mainly depend on the nature of the 
exchanged cations. 
Uses of Clays 
 Clays are indispensable in architecture, industry, and agriculture due to their 
variety of uses and unique properties.  They are used in the form of bricks as building 
materials.  They are also used in the manufacture of porcelain, tiles for walls and floor 
coverings, and pipes for drainage and sewage. 
 Natural and synthetic clays have been used as inert matrices for the isolation of 
photocatalytic components in charge storage devices, the encapsulation of 
semiconductors, and the concentration of analytes.  They are also widely used as active 
participants in reactions.  The electrochemical activity of clays plays an important role in 
the reduction of toxic substances like carbon tetrachloride, nitrobenzene, 
trichloroethane, and chromium to a less toxic state via electron donation from metal 
sites within the clay matrix. 
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 One major environmental concern is the transport of contaminants through 
clays.  Investigation on the properties of clays is, therefore, very important.  Clay-
modified electrodes (CMEs) have been used to understand the clay structural unit and 
its impact on the transport variety of electroactive probes.  For example, CMEs have 
been used to study the effect of aqueous electrolytes on the diffusion of probe 
molecules in clay layers. [96] Clays have also been used as barriers in landfills and 
riverbeds to keep pollutants out of the natural environment.  They are also 
contemplated for use in nuclear waste storage.  Although clay barriers are able to 
contain heavy metals for decades, species like Cl- diffuse through the barrier with only a 
slight decrease in the diffusion coefficient. Clays are also used as molecular sieves due 
to their ability to selectively sort out molecules based on size and charge exclusion 
processes. Zeolite is a typical example of a molecular sieve due to its very regular pore 
structure of molecular dimensions.  
 Also of interest is what happens to clay layers when the clay swells or collapses. 
Different techniques have been used to monitor the presence of water in clays, which 
gives information on the swelling of clays. For instance, swelling of clays causes 
problems in the oil industry. Upon exposure to water or water-based drilling fluid at oil 
drilling sites, compact clay soaks up the water and swells. When this occurs in a bored 
hole, the walls of the hole contract around the drill bit or a pipe, which may damage the 
equipment. Addition of certain polymers seems to inhibit the swelling of the shales. [97-
99] However, clays are very useful in the oil industry. For example, less absorbent 
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bentonites are used as filtering and deodorizing agents in the refining of petroleum and, 
mixed with other materials, as drilling muds to protect the cutting bit while drilling. 
 Clays also have the ability to provide a useful matrix to participate in reactions. 
Modified clays have been used as catalysts for various synthetic processes including 
Diels-Alder reactions [100-102], polymerization of olefins [103-105], and reactions of 
hydroxymethyl ferrocenes with acids. [106] Several patents have outlined iron-
exchanged silicate matrices as catalysts to reduce nitrogen oxide car emissions. [107-
109] In other applications, sensors for trace detection have found increased sensitivity 
following preconcentration of analytes within a clay film.  Kwak and co-workers (2002) 
demonstrated the use of layered double hydroxides (nano-sized inorganic clay) as a 
delivery carrier for genes and drugs by hybridizing with DNA and c-antisense 
oligonucleotide. [110] Montmorillonite and kaolinite clays are also used as dietary 
supplements in many rural areas to improve energy and stamina and reduce arthritis. 
[111] 
 In recent years, polymer-clay composites have become the subject of 
considerable research efforts due to their remarkable physical and mechanical 
properties.  Dispersing clay platelets into a polymer matrix improves the physical 
properties of the matrix. Nonionic polymers act as H-bond acceptors (amide and acid 
moieties) and donors (acid groups). Cationic polymers exhibit strong irreversible 
interactions with clay, while anionic polymers show only weak or no adsorption. There 
are three categories of polymer-clay composites. [112] The first consists of conventional 
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composites, in which the clay particles (tactoids) exist unchanged from their original 
state of stacked sheets. The matrix polymer is not inserted into the interstices of the 
clay layers but only interacts with the external surfaces of the clay particles. The second, 
intercalated nanocomposites, occurs when the polymer enters the clay layer structure 
in a crystallographically regular fashion. This type of nanocomposite is normally 
interlayered by occasional molecular layers of the polymer and its properties are 
typically similar to that of the clay host. Low molecular weight polymers are more 
effective in intercalation than high molecular weight polymers.  Exfoliated 
nanocomposites are the third category of polymer clay composites, where individual 
clay platelets are homogeneously dispersed in the polymer matrix.  The polymer enters 
the clay galleries only if there is sufficient enthalpic interaction between the clay and the 
penetration polymer. Improved toughness, increased tensile strength and tensile 
modulus, increased flexural strength and flexural modulus, are achieved if platelets are 
completely exfoliated as compared to the polymer matrix alone. [112] 
 Pretreatment of smectite clays with polymers having polar functionality at one 
end of the molecule results in intercalates or exfoliates that are useful as plasticizers. 
They are also useful for providing increased viscosity and elasticity to thermoplastic and 
thermosetting polymers, for improving gas impermeability in food wrappers, for 
electrical components, and for food grade drink containers. [112] 
 Clays are used as modifiers for high temperature polymers and magnetically 
altered to develop recoverable sorbents.  
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Clays and Electrochemistry 
 Because of the dual measurements used in this study involving electrochemistry, 
a review is important.  Evaluation of transport processes into clay films have been a 
subject of interest for many years.  Electrochemistry is a technique that is extensively 
used in clay chemistry. Fitch and co-workers have reported studies on the uptake of 
electroactive compounds into clay films, using clay-modified Pt electrodes. 
[92,93,95,113-116] There has, however, been a problem of accurately assessing clay-
analyte interactions. The present work offer the advantage of conducting in-situ optical 
and electrochemical studies to properly asses the absorption and redox reaction of 
[Ru(bpy)3]
2+.  
 Clays form membrane-like films and possess redox properties, hence are able to 
exhibit many desirable electrochemical properties.  Electrochemical activity of clays is a 
measure of the efficiency of charge transport, either via physical diffusion or via charge 
hopping.  Cations strongly bound to the exchange sites of clay are electroinactive. [117] 
Ion paired cations present in excess of the CEC are, however, electroactive.  These ion 
pairs are absorbed but not strongly enough to prohibit mobility. Some ion pairs travel to 
the electrode through interparticle pores. Ion pairs are also responsible for charge 
shuttling from the electrode to immobile cations located away from the electrode 
surface.  Electron hopping would also explain why some cations are electroactive and 
others are more strongly electroinactive.  
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Clay Modified Electrodes 
 Because CMEs are used in this study, a review of their properties and 
applications is essential. 
 Modified electrodes have been studied extensively during the last twenty years 
because of the possibility of intelligently designing the surface of an electrode to 
perform desired tasks. Such tasks may consist of selective analysis (enzyme modified 
electrodes for glucose measurements via the glucose oxidase reactions), enhances flux 
design (nucleopore membranes), charge storage devices, catalysis, and support matrices 
for electrocatalysis. [93-96] The vast majority of modified electrode surfaces consist of 
surface assembled monolayers and polymeric coatings, or modification with inorganic 
matrices such as clays.  
 CME was first developed by Ghosh and Bard around 1983. [87] There are two 
major reasons why studying CMEs are interesting. First, the transport processes 
observed by CMEs have applications to transport of pollutants in natural environments. 
For example, the mechanisms by which materials are transported within clay sheets is a 
fascinating subject which is related to molecular reorganization, membrane sieving, and 
the effect of localized versus delocalized fields on enhanced transport. The second is 
related to the possible use of the modified electrode as a device. Modification of 
electrodes or optrodes with layered clay materials is of interest because one can control 
the architecture of the surface, which could be designed with specific functionalities or 
size characteristics. 
35 
 
 
Physical Properties of Clay Modified Electrodes 
 In this study, the clay-coated indium tin oxide electrode is employed for system 
validation with [Ru(bpy)3]
2+. This section outlines the physical properties associated with 
CMEs to obtain insight into the nature of these modified electrodes.  
 Clays self-adhere to surfaces to which they are attached due to the fact that both 
the surface and the clays are polar.  Polarity of clays is due to isomorphous substitution 
within the crystal lattice.  Simple air drying of the film, oven drying, or spin coating 
should result in a film that adheres to the polar substrate, most likely through cation or 
anion bridges. 
 Understanding the type of structure found in the gel solution gives insight in the 
drying process that results in the clay film. In a gel state, clays are thought to be linked 
together by two processes controlled by the face-to-face and the edge-to-face bridging 
of the clay. The face-to-face interaction is repulsive and is modeled by the classical DLVO 
theory. When the diffuse double layers are compressed sufficiently, the negative charge 
of the clay is shielded and the individual clay sheets can rest at an equilibrium distance 
determined by the overlap of the diffuse double layers. Edge-to-face structure depends 
predominantly upon the pH of the gel. At low pH, the edges of the platelets are 
protonated and edge/face interactions can result. Also impacting on the gel structure is 
the treatment of clay with orthophosphoric acid, which can create edge-to-edge 
linkages expanding the lateral dimension of the layer. Because of salt effects on the 
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structure, well-dispersed solutions are most easily obtained when the clay is exchanged 
with a mono-cation at dilute concentrations. [93] 
 Air drying pure gel results in loss of all but the surface attached water. If drying is 
slow, enough time is available for the development of face-to-face orientation. Drying at 
higher temperatures (550-650 °C for montmorillonites) removes surface hydroxyls 
causing irreversible collapse, or calcination, with linkages formed between layers. Spin 
coating does not usually result in face-to-face orientation but it is possible at moderate 
speed. [93] 
 Dry films may reswell and this is particularly known for cationic clays. The 
hydration energy of the salt (the nature of cations associated with the permeating 
solution), but not the DLVO theory and diffuse double layer effects, determines the 
extent of swelling. For example, K+ and Cs+ result in an un-expanded film since they are 
easily dehydrated during the intercalation process. Na+ and Li+, on the other hand, have 
high hydration energies and enter the interlayer in their hydrated forms. Generally, 
interlayer distance increases with decreasing salt concentration. Intercalation reactions, 
however, proceed layer by layer but not randomly over all layers. The clay's charge and 
CEC also govern the rate of film swelling and its final state. Highly charged clays have a 
greater capacity for hydration and thus can support more layers of water. [93,118] 
 Clays exhibit repetitive structural units on several scales (layer sheets and 
hexagonal hole arrays). Those structural arrangements are affected by water 
adsorption. Montmorillonite clays for instance, are able to expand upon exposure to 
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water. Water is able to penetrate between the layers and expand or swell the clay. 
There are two types of swelling. Interlayer swelling is when one to four layers of water 
penetrate between the clay layers and is driven by the concentration gradient. 
Montmorillonite clays swell due to the interlayer cations pulling in water to become 
hydrated. The basal spacing between clay layers increases when hydrated, allow more 
water to enter the layers and further expand the clay. Clays can be expanded from 5 Å 
to 60 Å by solutions with different salt concentrations. [96,117] Fitch et al. (1999) used 
CMEs to investigate the effects of varying concentrations of bathing electrolytes on clay 
swelling. [96] They observed that all concentrations of K+ result in compact clays while 
low concentrations of Na+ (below 0.4 M) result in swollen clays, and that incorporation 
of anions depends on the extent of swelling. 
Applications of Clay-Modified Electrodes 
 Due to the ease of controlling the clay structure, CMEs have many useful 
applications, some of which are discussed below. 
 CMEs find applications in molecular electronics, where they can be used for the 
development of charge storage devices with unidirectional or controlled directional 
current flow. CMEs can also be used for photocatalysis of water splitting, which requires 
directionally controlled charge transport. Clays serve as hosts for sensitizers used for 
water splitting. In addition, clays are used as templates for enzyme-based analytical 
sensors, which require control of the directionality of charge transfer and the 
localization of various reagents in specific spatial organization. For example, 
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bioelectrochemical sensors based on modified CMEs have been used to detect glucose, 
glucose oxidase, and hydrogen peroxide. [93,111,113,119] 
 CMEs are used as stripping sensors to protect catalysts from decomposition 
within an aqueous regime. This is accomplished by the use of the clay to support 
micelles at the electrode surface and/or by the use of surfactant modified clays to 
create a liquid gel interface. CMEs are also used as chiral sensors. Clays are used to 
create a chiral atmosphere at the surface of an electrode. Although clays are not 
themselves chiral, they impart spatial organization to adsorbing species. The energy of 
pairing racemates versus enantiomers, combined with the templating effect of the clay, 
apparently drives the organization of a chiral substrate. The selectivity of the surface to 
chiral mixtures can be observed electrochemically. [93,96,116] 
 Certain dyes (e.g. methylene blue and thioflavin) are strongly adsorbed to clays; 
hence they can be used in electrocatalysis to displace exchangeable cations for a facile 
cation exchange capacity measurement. These dyes are also known to undergo 
dimerization and/or aggregation processes, which affect the efficiency of charge 
transfer within the clay. [93] 
 CMEs can also be used in controlling ion fluxes (diffuse double layer gating). A 
large atmosphere or Debye length prevents particles from close association driven by 
van der Waals forces. The inadequate shielding of the charged surfaces keeps the 
particles apart so that a net potential barrier exists between particles. As the anion 
atmosphere increases, the double layer repulsion diminishes and the van der Waals 
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forces take effect. The interplate distance at which a potential minimum is developed 
will thus vary depending upon the salt concentration. [93,96]  
 CMEs are formed from either large or small particle size platelets (Figure 5). 
Large particle size platelets have the ability to slip over each other to form a uniform 
coating and the platelets are close together at high salt concentrations. The presence of 
slip planes implies that no stacking defects are present and a diffusing ion must traverse 
a narrow interlayer pathway. The ion moving through such film is thus impeded due to 
closure of the channels. Small particle size platelets cannot slide over each other's 
surfaces and form small stacks instead. The stacks expand and contract in response to 
Debye length, forming interparticle channels. In this case, the channels are larger in the 
presence of high salt concentrations. Reduction current is observed to be greater at high 
salt concentrations for small particle size clay (e.g. Laponite) as compared to large 
particle size clay (e.g. SWy-1 montmorillonite). [119] 
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Figure 5: Schematic representation of interparticle and intraparticle (interlayer) 
transport through small particle size (left) and large particle size (right) platelets. [119] 
 
Summary 
 The literature review provides all the necessary information needed to be used 
as a guide in operating the spectroelectrochemical instrument and analyzing 
experimental results.  The next issue is to validate and calibrate the instrument using 
the extensively studied and well known analyte Ru(bpy)3
2+ and compare the 
experimental results to those published in the literature.  Once the instrument is 
calibrated then testing with the microbe Shewanella putrefaciens will begin.  
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CHAPTER 2 
MATERIALS, METHODS, SPECTROELECTROCHEMICAL SYSTEM VALIDATION AND  
SHEWANELLA PUTREFACIENS VALIDATION 
 This chapter provides a detailed description of chemicals, equipment, and 
experimental procedures employed in this project. 
Chemicals, Microbes, and Materials 
 Unless otherwise specified, all chemicals were used as received. Nanopure 
deionized water (Barnsted Nanopure II) with a conductivity of 18 MΩ/cm3 was used to 
prepare all solutions and clay suspensions. Chemicals that were used include tris(2,2’-
bipyridyl)ruthenium(II) chloride hexahydrate [Ru(bpy)3]
2+ (Sigma Aldrich), sodium 
chloride (Morton International, Chicago), potassium chloride (Fischer Scientific), sodium 
dithionite (sodium hydrosulfite) (Sigma Aldrich), and tryptic soy broth (TSB) (Sigma 
Aldrich). 
Part I: Growth of Shewanella putrefaciens 
 This chapter details the validation of the entire spectroelectrochemical bacterial 
experiment.  Due to the complexity of the multiple components that needed to be 
validated, we begin with the bacterial system, follow with the electrochemistry of the 
bacterial system, and then finish with the spectroelectrochemical system.  
 The microbe Shewanella putrefaciens (MicroBiologics Inc.) was previously 
prepared and kept frozen at -80 °C in 1 mL vials. Each 1 mL vial was prepared by mixing 
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500 μL of culture and 500 μL of 20% glycerol solution (each measured with a 
micropipette) into specially ordered 2 mL sterilized vials (Fisher Scientific). No attempt 
was made to optimize the harvest with respect to position on the growth curve. The tips 
used with the micropipette were autoclaved before use. The vial was then sealed with 
the associated cap and frozen in a -80 °C freezer until being retrieved. When a vial was 
removed from the freezer it was thawed out and added to TSB media to immediately 
begin a new culture.  
 Tryptic soy broth (TSB) solution was prepared with 30 g of dehydrated TSB 
powder dissolved in 1 L of deionized (DI) water before being autoclaved.  Any water 
evaporated by the autoclave process was replaced by autoclaved DI water. The TSB 
solution was kept in a sealed 1 L bottle until used. 
 The TSB media, also known as Soybean-Casein Digest Medium, was originally 
developed in determining the effectiveness of sulfonamides against pneumococci and 
other organisms. [120] It was discovered that anaerobes grow well when incubated in 
TSB under anaerobic conditions. Each 30 g solution of TSB contains 17.0 g of enzymatic 
digest of casein, 3.0 g enzymatic digest of soybean meal, 5.0 g of sodium chloride, 2.5 g 
of dipotassium phosphate, and 2.5 g of dextrose with a final pH of 7.3 ± 0.2 at 25 °C. The 
enzymatic digest of casein and soybean meal are nitrogen sources, dextrose is the 
carbon energy source, sodium chloride maintains osmotic balance, and dipotassium 
phosphate is a buffering agent. TSB is suitable for electrochemistry because the molarity 
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of the 5 g of NaCl results in 0.08 M solution which is an excellent range for 
electrochemistry. 
Shewanella putrefaciens Growth Curve 
 In order to obtain reproducible results a growth curve of Shewanella 
putrefaciens had to be established. This required optimization of the growth and 
handling of the microbial population.  Aerobic cultures of Shewanella putrefaciens were 
prepared by adding a 1 mL vial of previously prepared S. putrefaciens stock solution 
(kept frozen at -80 oC) to a 250 mL Erlenmeyer flask filled with 150 mL of TSB. The flask 
tip was previously flame sterilized. The TSB solution transferred via a 100 mL graduated 
cylinder was also flame sterilized. All glassware was autoclaved immediately before use. 
The Erlenmeyer flask was covered with aluminum foil. The aluminum foil was used to 
cover the flask opening while being autoclaved and remained as the only cover in direct 
contact with the flask to prevent contamination. The microbes were incubated at room 
temperature. 
 The optical density of three separate cultures were taken at various points along 
the growth curve to determine how long it takes for a culture to grow, seen in Figure 6 
along with a growth curve from literature. [121] The growth curve (from initial log phase 
to stable phase) is in agreement with literature when using TSB as the growth medium. 
They all follow the same growth trend with an initial lag phase, an exponential growth 
phase, and a plateau. The literature added lactate to a TSB culture in the growth curve 
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whereas no lactate was added to our TSB cultures. This indicated S. putrefaciens was 
cultured from the dextrose within the TSB even if lactate is the favored growth media. 
 
Figure 6: Growth curve of multiple aerobic Shewanella putrefaciens cultures grown in 
150 mL TSB (red boxes, green triangles, and blue diamonds) and a literature growth 
curve (purple x's). 
 
Cell Counting Method 
 The cell density determined in the growth curve (Figure 7) was determined by 
manually counting the number of cells by using a known volume with a hemocytometer.  
Two separate aliquots of a S. putrefaciens aerobic culture were taken for the OD650 and 
the hemocytometer.  The first aliquot was put in a glass cuvette and the OD650 was 
measured with a VWR UV6300PC double-beam spectrophotometer.  After the OD650 was 
taken a 10 μL aliquot of the culture was injected onto the hemocytometer under the 
cover slip. The hemocytometer was imaged at 400x zoom with an Olympus BH2 
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compound microscope.  Multiple images were taken of each culture in various locations 
around the hemocytometer. The number of cells in these images was then manually 
counted. The hemocytometer has a known volume (3 nL per image) so that the amount 
of microbes counted could be divided by the area to give a cell concentration. 
 
Figure 7: Ratio of OD650 to aerobic cell density (millions of cells per 1 mL) 
 
The growth of three unique cultures from Figure 6 are included in Figure 7. The 
OD650 measured in the growth curve is nicely related to the total microbial population as 
observed in Figure 7.   
Shewanella putrefaciens Growth Method 
 Anaerobic cultures of Shewanella putrefaciens were made with variable volumes 
of TSB solution.  The volumes were selected to facilitate harvest of the microbe for 
further spectroelectrochemical experiments at a target range of optical density. The 
timing was chosen to facilitate scheduling around other tasks. 
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 After adding the 1 mL vial of S. putrefaciens stock the culture was then N2 purged 
for 1 hr to create an anerobic environment. The time of N2 purge for each culture was 
determined by measuring the amount of dissolved O2 with an oxygen sensor (Pasco 
Scientific).  The sensor indicated that the amount of dissolved O2 in the resulting 
solutions were measured at <0.8 mgO2/L (8x10
-7 M) after 1 hr of nitrogen purging (data 
not shown). The concentration of dissolved oxygen < 1.0 mgO2/L has been called 
anaerobic in some literature. [122] The amount of dissolved O2 did not decrease with 
additional nitrogen purging.  
 The aluminum foil on the Erlenmeyer flask was covered with a semi-airtight seal 
using parafilm (Bemis Co., Neenah, WI). The seal was removed only before immediate 
injection into the electrochemical cell. 
Part II: Electrochemical Optimization for Shewanella putrefaciens 
 In order to perform spectroelectrochemistry on S. putrefaciens the electrode 
loading time had to be optimized. This section describes the method by which the time 
and applied potential was optimized and verification of the health of the colony within 
the cell. The spectroelectrochemical cell is first described, then the method of cell 
harvest, then the loading of the cell, and finally verification of microbial validity.  
Spectroelectrochemical Cell Setup 
The electrochemical setup utilized a three electrode system (working, reference, 
and counter electrodes) incorporated into the spectroelectrochemical cell, made from 
Delrin plastic (Abbott Development Shop). The spectroelectrochemical cell had top and 
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bottom parts and a measured volume of 11 mL. The ITO slide served as the working 
electrode, a platinum wire runs through the solution to provide the counter electrode, 
and a small Ag/AgCl electrode (BASi Inc) was placed between the counter electrode 
ends and used as the reference electrode. All electrochemical data was determined with 
a Ag/AgCl reference electrode, which sits 0.22 V relative to the standard hydrogen 
electrode. [123] The ITO slide was 9 cm x 2 cm in size (refractive index of 1.95) with an 
area of 4.5 cm x 1 cm in contact with the analyte. [124] Once the 
spectroelectrochemical cell is fully setup the slide rests on its side instead of laying flat, 
seen in Figure 8. 
 
Figure 8: View of spectroelectrochemical cell setup from above. The light is represented 
by the lines bouncing back and forth through the ITO slide in evanescent wave mode. 
 
 Indium Tin Oxide glass slides (Thin Film Devices, Inc.) were washed with 1% 
alconox, wiped dry, and then wiped with 70% isopropyl alcohol before air drying and 
equilibrating with air. The side with high resistance (i.e. the conductive or electroactive 
side) was selected using a voltammeter at the ends, where the coupling prisms are 
placed. The resistance was not recorded.  After each experiment the ITO slide was 
48 
 
 
wiped with 1 % alconox, wiped dry, and then wiped with 70% isopropyl alcohol before 
being left to air dry.  The ITO slides were not stored in any solution. 
The ITO was cleaned with isopropyl alcohol before being inserted into a groove 
(shaped to fit) in the bottom part of the cell. The top and bottom sections of the cell 
were then fitted in place and screwed together.  The ITO working electrode consists of a 
semiconductor surface. It is known to have a capacitance between 3.36-6 µF/cm2. [125-
127] The capacitance of the electrode is one way to verify the electrochemical setup. 
The capacitance was determined by obtaining a CV for the bare ITO surface in a TSB 
solution as shown in Figure 9.  
 
Figure 9: A 100 mV/s CV comparison of a culture of S. putrefaciens (grown in 100 mL 
TSB) compared to an autoclaved solution of TSB and DI water on a bare ITO slide. The S. 
putrefaciens culture had an OD650 of 0.706 and +200 mV applied for 2 hr. 
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The capacitive current observed can be used to determine the capacitance of the 
electrode by use of the equation: 
ic= vCd           (18) 
where ic is the capacitive current, v is the scan rate, and Cd is the capacitance of the 
electrode. The total current in the “box” is twice the capacitive current.  So, for 
example, the TSB was 0.01 mA/100 mV/s = 0.0001 F = 100 µF.  The electrode surface is 
4.5 cm2 resulting in a measured capacitance of 22 µF/cm2 in TSB.  The increase in 
capacitance from the bare electrode in the presence of TSB can be attributed surface 
adsorption of components of TSB, such as enzymatic digest of casein and papaic 
soybean digest. The ITO capacitance (1.03 with a range from 0-5 µF/cm2) is consistent 
with literature (3.36, 4.6, 6 µF/cm2). [125,126] 
 The value obtained in pure water is substantially lower at 2.4 µF/cm2, consistent 
with literature reports. This data serves as a reminder that the ITO surface is capable of 
strongly adsorbing a variety of species, including, as will be seen, the Shewanella 
microbe. 
Part III: Shewanella putrefaciens in an Electrochemical Cell 
Experimental Procedure of Shewanella putrefaciens 
Once the spectroelectrochemical cell was assembled, a microbial culture of 
Shewanella putrefaciens was pumped in. Isopropyl alcohol was used to clean the tubing 
(for pumping the microbial culture) before each experiment. The optical density at 650 
nm (OD650) was taken (VWR UV6300PC double-beam spectrophotometer) of the S. 
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putrefaciens culture immediately before the experiment. The OD650 was used to 
determine the microbe concentration. A second optical density measurement was made 
of the recovered culture and of the original stock culture of bacteria after each 
experiment.   
 Once filled, the pump was stopped and the incoming and outgoing tygon tubes 
clamped shut with 37 cm of tube space filled with culture. Immediately after clamping 
the input and output tubes, a potential of +0.2 V (vs Ag/AgCl) was applied (via a BASi EC 
Epsilon potentiostat) for 2 hr before a cyclic voltammogram was taken, if applicable. The 
CV was scanned at a scan rate of 5 mV/s (unless otherwise noted) and ran from the 
initial potential of +0.2 V to the switching potential of -0.5 V back to the initial potential 
of +0.2 V. 
After an experiment was complete the culture was pumped out and the 
electrochemical cell disassembled before the ITO electrode was taken out and left to dry 
in a vertical position resting longways on its side. The ITO slide was placed on its side in 
the same manner as when it was in the spectroelectrochemical cell during the 
experiment. The vertical drying position of the slide was chosen to minimize pooling and 
drying of loosely attached microbes. 
Confirming the Presence of Shewanella putrefaciens 
 While the tryptic soy broth growth media changes from a see-through orange 
liquid to a more opaque orange, indicating that something additional is in the broth, it is 
not enough to simply say that the proper bacteria has been cultured.  Cyclic 
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voltammetry was run on multiple S. putrefaciens cultures to demonstrate that the 
microbes were in the cultured solution.  The initial experiment applied a potential (vs. 
Ag/AgCl) from 0.7 V to -0.7 V back to 0.7 V to test for the range which the microbial 
redox peaks will show. An initial range was chosen to be 0.2 V to -0.5 V and back to 0.2 
V. These values encompass the known potentials for the outer membrane cytochrome c 
proteins that make up the final position in the electron transport chain for S. 
putrefaciens. The chain is illustrated with Figure 10 obtained from Alanah Fitch. 
 
Figure 10: Illustration of the electron transfer chain from the cytoplasm through the 
inner membrane, periplasm, and outer membrane with certain cytochromes labeled. 
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 The OmcA and MtrC proteins are the active electron transfer species to be 
observed at the electrode. Their reduction potentials occur around -0.2 to -0.3 V vs 
Ag/AgCl at pH 7.  
 The first CV discussed above (Figure 9) was for the TSB solution. Also shown was 
the effect of a CV on a S. putrefaciens culture compared to a sterile tryptic soy broth 
solution and to deionized water. All of these experiments were performed on a bare ITO 
slide. The arrows indicate the direction of the applied potential.Neither blank shows any 
discernable peaks, as expected.  In contrast, the S. putrefaciens culture has an estimated 
midpeak potential of -0.24 V against the Ag/AgCl reference electrode. Both the 
reduction peak (~ -0.38 V) and the oxidation peak (~ -0.1 V) are in agreement with 
literature values. [12]  
 The microbial CV was taken after 200 mV of oxidizing potential was applied for 2 
hr.  Applying this potential increases the size of the redox peaks and can restore 
electrochemical activity to an aerobic culture of S. putrefaciens [7].   
The tryptic soy broth shows a capacitive current (the difference in the baseline of 
the reduction and oxidation peak) somewhat similar to the bacterial CV, unlike the 
water CV, indicating that the initial baseline for each sample is likely from the tryptic soy 
broth and not from the microbes.  The CV taken in water had a very minimal reading.   
Figure 11 shows multiple CVs taken on the same sample.  200 mV were applied 
from 0 min to 20 min, followed by a CV. Each CV is annotated with the time of applied 
potential. As the amount of adsorption time increased so did the current.  
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Figure 11: 100 mV/s CVs of S. putrefaciens (grown in 150 mL TSB) on a bare ITO 
electrode with different amounts of time of +200 mV applied potential.  
 
 
Figure 12: Peak height vs additional CVs. Multiple 100 mV/s CVs were taken after +200 
mV (vs Ag/AgCl) was applied.   
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In a separate set of experiments, multiple consecutive CVs were run on samples 
(each grown in 150 mL TSB) incubated at +0.2 V for different periods of time (Figure 12). 
Each set of experiments (4 sets total) had potential applied for a designated time before 
three CVs were taken back to back without any time between each CV. The first group 
of cultures did not have any potential applied before the CVs, the second group had 5 
min of +200 mV applied, the third group had 10 min of +200 mV applied, and the fourth 
group had 2 hr of +200 mV applied. The value (in mA) of each reduction peak was 
plotted for each set of CVs. When a potential is applied it results in an increased peak 
height for the first CV. The increase in the first CV peak height indicates greater 
attachment of microorganisms to the electrode with increased incubation time at +0.2 
V.  Subsequent consecutive CVs show loss of peak current indicating loss of microbial 
activity from the surface.  The loss is non-linear and may, as will be discussed below, be 
related to the detachment of microorganisms followed by a lag time required to 
reattach. The data clearly indicates that a minimum of 10 min were required for the first 
attachment such that back to back CVs would allow insufficient time for reattachment.  
This data indicates that the incubation time at +0.2 V will have to be carefully 
optimized, as explained in the next section. 
Determination of Experimental Parameters 
 Experimental parameters must be determined for system optimization before 
any experiments may be performed on S. putrefaciens. These parameters include the 
potential to be applied, length of time of applied potential, scan range of a CV, and if a 
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culture can be reused. This is to ensure a large enough population is attached to the 
electrode so that it is able to be interrogated with the optical equipment.  
 Literature reports that measured current densities increase when the applied 
potential increases from -0.1 V through +0.4 V during the growth of S. putrefaciens wild-
type NCTC 10695. [19] No CV signals were detected at electrodes poised at -0.1 V or 0 V 
during biofilm growth, which can be attributed to the absence of the interaction with 
bacteria on the electrode surface. [19] Literature also reports non-permanent 
attachment of S. putrefaciens cells and no complete biofilm coverage [19], which agrees 
with our experimental results. Cell swimming speed was also observed to increase when 
whole cells of Shewanella species (S. oneidensis MR-1, S. amazonensis SB2B, and S. 
putrefaciens CN32) were exposed to varying electrode potentials. [21] S. oneidensis MR-
1 [17] and S. lohica PV-4 [19] also show dependence of activity on applied electrode 
potential. 
 A potential of +200 mV was applied for oxidation of the microbes.  This potential 
was chosen as it has been demonstrated to result in electrochemical activity from S. 
putrefaciens. [124] Previously mentioned CVs covered the location of the redox peaks so 
all future scans were chosen to be from 200 mV to -500 mV at 5 mV/s. This is so the 
applied potential of 200 mV aligned with the starting potential of the CV. 
 After a culture was prepared it could be harvested only once due to air exposure. 
Decreased electrochemical activity (Figure 13) was monitored by the capacitance ratio 
(CR). 
56 
 
 
      
              
                 
         (19) 
where Cr is the capacitance ratio, ir0.15 is the reduction current at 0.15 V, io0.15 is the 
oxidative current at 0.15 V, ir-0.45 is the reduction current at -0.45 V, and io-0.45 is the 
oxidative current at -0.45 V. The CR of a CV was measured by dividing the capacitance at 
0.15 V by the capacitance at -0.45 V, illustrated by the arrows in Figure 13. The locations 
where the capacitance was measured were determined from data in Table 1. Table 1 
shows ratios of capacitance values at different potentials of the "Fresh" graph in Figure 
13. The ratio of 0.15 V/-0.45 V had the highest value. Activity measured by this ratio, 
seen in Figure 14 and Table 2, indicated that the culture could only be sampled once 
even if the culture was nitrogen purged when the seal was broken. As such, all 
experiments were performed on a fresh Shewanella culture.   
 
Figure 13: Comparison of a fresh culture and the same culture (grown in 100 mL TSB; 
OD650 0.328) after being nitrogen purged after being opened. 2 hr of +0.2 V potential 
was applied before each 5 mV/s CV. The black arrows at 0.15 V and -0.45 V are where 
the capacitance ratio is calculated.  
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Scan Range (V) Capacitance Ratio 
0.15/-0.45 2.73 
0.15/-0.4 2.36 
0.2/-0.45 2.49 
0.2/-0.4 2.16 
Table 1. Different capacitance ratios from Fresh Culture in Figure 13 
 
Figure 14: Comparison of CV capacitance ratio from a fresh Shewanella culture (grown 
in 150 mL TSB) and after it was exposed to air for 2 hr. +200 mV of potential was applied 
for 20 min before each 5 mV/s CV with 4 CVs ran in a row for each experiment. 
 
Capacitance Ratio (0.15 V/-0.45V) 
Fresh Culture Air exposed Ratio (Air/Fresh) 
2.73 2.13 0.78 
2.54 2.48 0.98 
3.49 2.43 0.70 
2.52 2.10 0.83 
Average: 2.82 Average: 2.28 Average: 0.82 
Table 2. 5 mV/s CV capacitance ratio (0.15 V/-0.45 V) of four different experiments after 
2 hr of +0.2 V applied potential. 
 
 The time for microbial cell loading with applied potential was optimized at 2 hr 
using the capacitance ratio method. The total time for loading was tested by application 
of three different potential regimes (Figure 15). 
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Figure 15: 0.2 V loading time before each CV. The potential shown in the solid lines is 
relative to zero potential (dotted lines).  The CV is observed as an excursion in negative 
potential. The small black line is a 0.2 V scalar.   
 
 The CR for experiments with incubation at 0.2 V all showed enhancement 
relative to the control experiment (Figure 16). The control experiment (lower trace in 
Figures 15 & 16) showed minimal increase in anodic capacitance.  When incubated at 
0.2 V there was an enhancement in capacitive ratio (upper traces Figures 15 and 16).  
Experiments 1 and 2 both had a total time of 4 hr at 0.2 V. Based on these experiments 
it was determined that by the 2 hr mark the CV capacitance ratio had reached a point of 
diminishing returns, seen in Figure 16. The greater the number of interruptions the 
lower the CR, indicating the CV excursion to -0.5 V had the ability to disrupt 
establishment of microbial films on the electrode. 
59 
 
 
 
Figure 16: +0.2 V potential was applied for a determined amount of time before a 5 
mV/s CV was taken. The CV capacitance ratio was plotted against the total time elapsed. 
3 replicates were taken for each set of conditions. 
 
 
Figure 17: 2 hr of +0.2 V potential was applied before the CPE CV while 2 hr without any 
potential preceded the CV marked No CPE. Both CVs at 5 mV/s scan rate. 
 
 The effect of 2 hr of +0.2 V applied potential can be seen in Figure 17, which 
shows two CV plots of S. putrefaciens: one after being in the spectroelectrochemical cell 
for 2 hr without any applied potential (No CPE) and another under the same conditions 
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except for +0.2 V of applied potential for 2 hr (CPE). A much larger set of reduction and 
oxidation peaks can be seen after the applied potential whereas no applied potential 
provides a much smaller set of redox peaks. 
Shewanella putrefaciens Does Not Exude Mediators 
 Figure 9 showed not only capacitance features associated with the microbial 
population but also two distinct electron transfer events (peaks).  These are attributed 
to the microorganisms themselves and not to any exuded mediators.  This was 
demonstrated in the next experiment. The microbes were centrifuged out of a S. 
putrefaciens culture and the remaining supernatant was tested. Figure 18 compares a 
CV of this supernatant against the S. putrefaciens CV from Figure 9. If extracellular 
mediators were in the culture then they would remain in the supernatant and thus any 
redox peaks could be attributed to them. The microbe-free solution in Figure 18 has the 
reduction scan with a rising current past -0.4 V and a broad return current centered 
between -0.25 and -0.10 V. The oxidative location does not correspond to the CV 
observed in Figure 9 where the oxidative peak is clearer and located at -0.10 V.  This 
indicated that either no mediators are in the culture or that the mediators were 
centrifuged out along with the microbes. The data suggests that the electron transfer 
electrochemistry is related to direct contact of the microbes with the electrode. 
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Figure 18: CV of S. putrefaciens from Figure 9 (red graph), the sterile TSB solution from 
Figure 9 (green graph), and a S. putrefaciens growth culture after the microbes are 
centrifuged out (blue graph). Scan rates at 100 mV/s for each CV. 
 
Surface Confined Microbes are Responsible for Electrochemistry 
 A large number of the microbes attached during conditioning at 0.2 V can be 
retained even when the electrochemical cell solution is replaced with microbe free TSB 
as shown in Figure 19.   
 
Figure 19: Both CV scans are of S. putrefaciens after 2 hr of +0.2 V applied potential at a 
5 mV/s scan rate on a bare ITO slide. 15 min TSB had replacement of the bulk solution 
with sterile N2 purged TSB to remove unattached microorganisms. Insert: baseline 
corrected reduction peaks. 
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 The experiment labeled “15 min TSB” in Figure 19 had the S. putrefaciens 
solution subjected to an applied potential of +0.2 V for 2 hr. Sterile, nitrogen purged, 
TSB was slowly pumped into the electrochemical cell (~10 mL/min, the slowest rate for 
the pump in use) during the final 15 min.  The time was determined by the volume flow 
rate and the total volume of the electrochemical cell. The experiment was designed to 
remove the bulk solution (containing any possible mediators) without disturbing any 
adsorbed microbes.  After this was completed a CV was run at 5 mV/s, shown as "15 min 
TSB" in Figure 19.  The presence of the reduction peak indicates the S. putrefaciens 
microbes remain attached to the working electrode during rinsing.  The insert in Figure 
19 is of the reduction peaks after baseline correction. It shows both experiments have a 
similar, non-symmetric, shape, albeit different peak heights. The asymmetry indicates 
the possibility of multiple electron transfer events. There is a loss of the diffusional 
components which may be attributed to mediators. 
 
Figure 20: Graph of scan rate vs peak reduction current. The corresponding R2 value is 
included with the linear trendline. The green dashed line represents a theoretical 
diffusion curve. 
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 Figure 20 shows the magnitude of the Faradaic reduction peak is linearly 
dependent upon scan rate. This is consistent with a surface confined reaction, as a 
diffusion process results in the peak height increasing by the square root of the scan 
rate, represented by the dashed line in Figure 20. This result is further proof direct 
electron transfer (instead of mediated electron transfer) during the reduction process is 
operative. 
Shewanella putrefaciens Microscope Imaging Procedure 
After an experiment the ITO slide was removed from the spectroelectrochemical 
cell and air dried. Two cover slips were then placed on top of the ITO slide and it was 
imaged at 400x with an Olympus BH2 compound microscope using confocal microscopy. 
Twelve images were taken of each ITO slide after an experiment. These images were 
taken in the upper, center, and lower regions of the left, center, and right areas of the 
ITO slide for nine regions in total with two images taken in each of the three center 
regions, shown in Figure 21. This was to cover each region of the slide in order to offset 
any discrepancies that may occur across the slide, particularly at the jointure of the 
cover slips (the gray boxes in Figure 21). Discrepancies arising from the operation of the 
spectroelectrochemical cell may arise from the location of the input and exit ports, the 
location of the potential gradients in the cell due to placement of the counter and 
reference electrode, and gravity. The input port directly pumped solution at the ITO 
slide. To prevent mechanical detachment of attached microbes the flow rate was kept at 
the lowest possible rate allowed by the pump. The output port was located above the 
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left side of the ITO slide. During and after each experiment the slide was on its side so 
that gravity was pulling the opposite direction of the output (i.e. down through the 
slide). 
 
Figure 21: Relative locations of where microscope images were taken on the ITO slide 
are represented by 12 small circles. All images were taken of the experimental area. The 
input location is represented by a large circle and the output is above the arrow. The 
gray boxes represent the cover slips placed on the ITO slide during imaging. 
 
 Dried cells on the ITO slide were either manually counted or analyzed by NIH 
ImageJ software. The NIH ImageJ program was used to set the contrast between the 
microbes and the background so that the microbes could be made measurable. The 
program calculates the percent area of the microbes vs total area. The percentage was 
related to the number of cells present by manual count of select samples. The NIH 
ImageJ program was validated by comparing it to manually counted results (Figure 22). 
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Figure 22: Comparison of cell counts between the ImageJ program and manual counting. 
 
Shewanella putrefaciens Imaging Results 
 Images of the ITO electrode were taken after each experiment to count how 
many cells remained on the electrode. Each experiment had images taken in multiple 
places around the electrode to account for possible variation in electrochemical cell 
potential, seen in Figure 23. A sample image taken after an experiment is shown in 
Figure 24. There was found to be minimal difference in the average microbe density 
across the electrode relative to the error in the replicate manual counts, as shown in 
Figure 25.  
Upper Left Upper Center Upper Right 
Center Left Center Center Right 
Lower Left  Lower Center Lower Right 
Figure 23: Locations of where the ITO electrode was imaged.  
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Figure 24: Sample image of an ITO electrode after an experiment. 
 
 
Figure 25: Average number of microbes from 3 experiments (counted per 0.03 mm2) 
according to where the images were taken on the electrode (seen in Figure 23). 
 
 Figure 26 shows the amount of microbes that were manually counted on the ITO 
electrode after each type of experiment. Controlled Potential Electrolysis (CPE) means 2 
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hr of +0.2 V potential was applied before the CV (if taken) and imaging. Those marked 
No CPE had no potential applied while the microbes were in the electrochemical cell for 
2 hr. After the applied potential half of experiments had a CV taken before imaging.  
 
Figure 26: The amount of microbes imaged in a 4.5 cm2 area on the ITO electrode. Those 
marked CPE had 2 hr of +0.2 V potential applied before imaging. The red bars had a CV 
taken. 3 replicates were taken for each set of conditions with an average OD650 of 0.35 
for around 92 million microbes/mL and 1 billion total microbes. 
 
 More microbes attached to the electrode when +0.2 V of potential was applied 
for 2 hr, as seen from the first two bars in Figure 26. The bar labeled "CPE" had 2 hr of 
applied potential while the bar labeled "No CPE" had no applied potential. The applied 
potential experiment had 14.8 ± 3.8 million microbes vs 4.31 ± 0.14 million microbes for 
no applied potential. The total cell count was obtained by averaging the cell counts in 
the sampled microscopic areas scaling to the total area. The increased attachment of S. 
putrefaciens microbes under applied positive potential is in agreement with the CV and 
CR data shown above. [19]  
 A second series of experiments examined the effect of a single CV on electrode 
coverage by microbes. The red bars in Figure 26 had the electrode held at +0.2 V for half 
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the experiments while the other half did not have any applied potential.  All of these 
experiments had a CV taken after the 2 hr (with or with applied potential) before being 
imaged.  As in the preceding experiment, the cell count was higher when potential was 
applied (9.6 ± 0.96 vs. 2.4 ±0.5 million cells).  By comparison to the preceding 
experiment nearly 5 million cells are dislodged during the CV. In both cases, i.e. with or 
without applied potential, around 65% of microbes remained on the electrode after a 
CV. This corresponds with Figure 12, which noted that multiple CVs resulted in lower 
current, likely from microbes no longer being on the surface. The peak magnitude drop 
was of a similar magnitude as the loss of cells (ca. 50%). 
 
Figure 27: Plot of the OD650 of the unused stock culture vs. the experimented sample 
(both taken from the original stock culture) after the experiment is complete with the x-
axis being the OD650 of the original stock culture. 
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 The previous experiments indicate that the cells are affected by application of 
electrode potential both in loading and in ejection under a negative potential scan.  In 
order to determine if the viability of the cells was altered by the experiment the 
following experiment was performed. Figure 27 shows how the OD650 changes in 
multiple separate experiments. The x-axis is the original stock OD650 culture taken 
before the experiment begins. The Stock after experiment is the same stock culture 
(which remained in the original stock flask during the experiment, i.e. it was not tested) 
after the experiment and the Experimental after Experiment is the culture that was 
tested in the spectroelectrochemical cell. The tested culture has an OD650 similar to the 
untested culture. The intent was to determine if the difference in OD650 could be used to 
calculate the amount of microbes that attach to the ITO electrode. Unfortunately the 
results did not prove this and were unusable in this regard. 
Part IV: Optical Setup and Parameter Verification 
System Description 
 The system allows for spectral measurements both in the transmission and ATR 
modes.  The ATR mode (evanescent field discussed above) is a multiple reflection 
arrangement that provides substantial enhancement in sensitivity and selectivity (Figure 
8).  In the transmission mode, the light path is a single pass, which is perpendicular to 
the ITO electrode device. However, transmission spectroelectrochemistry may lack 
sufficient sensitivity to probe thin films because the light runs through the entire 
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solution instead of just near the surface, which can result in not being able to measure 
the surface changes due to them being too small compared to the rest of the solution. 
High refractive index (RI) fluid (Cargille, RI = 1.517) was applied to each end of 
the ITO to hold the coupling prisms in place.  Schott SF6 coupling prisms (RI = 1.84, Karl 
Lambrecht, Chicago, IL) were put in place on each end of the ITO slide and the 
assembled cell was then placed on a mount. The position of the mount and the 
orientation of the fiber optic cables were such that the incident angle of light was 29.9°. 
This is the angle at which the maximum possible intensity output is obtained at a 
wavelength of 460 nm, as previously determined. [124] No attempt was made to 
optimize the output for any of the wavelengths determined to be diagnostic for the 
microorganisms (see below). 
The light enters the ITO waveguide via Schott SF6 coupling prism.  Once in the 
ITO it is totally internally reflected until it is refracted out through the outcoupling 
prism, visualized in Figure 28. Total internal reflection (TIR) occurs because the 
refractive index of the ITO waveguide medium is higher than the refractive indices of 
the glass substrate and the film-analyte superstrate. 
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Figure 28: Visualization of how light enters through the incoupling prism, reflects 
through the ITO substrate, and exits through the outcoupling prism. Representative 
angles (ϕ,ω,θ), refractive indexes (η), and penetration depth (δ) listed. The thickness of 
the ITO (d2) is 200-400 nm. 
 
The depth of penetration can be calculated from the various experimental 
parameters and appropriate ATR equations. (See for example, Agyeman Ph.D. 2007.) 
Agyeman [124] calculated the penetration depth in the presence of a clay superstrate to 
be ~100 nm. In the presence of water the depth has been calculated to be ~42 nm at 
460 nm. This depth is well below the diffusion depth sampled in most electrochemical 
experiments. 
                (20) 
 For the CV experiments described above (1.4 V at 0.005 V/s = 280 s, and a typical 
diffusion coefficient of 10-6 cm2/s) the depth of electrochemical sampling is expected to 
be ca. 0.02 cm or 200 µm. The dimensions of S. putrefaciens are reported to be ca. 0.5 
to 2 µm, which lies well within the electrochemical sampling volume. The 
electrochemistry described above suggests that S. putrefaciens attaches to the surface.  
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If so, then the sampling region includes the inner and outer membrane (~40 nm thick), 
where the reactive proteins are located. 
The optical window is controlled by the various components present. Light from 
a 75 watt Xe arc lamp (Newport Corp; transmittance range: 200-2400 nm) was directed 
to a Schott SF6 coupling prism (transmittance range: 300-2500 nm) via fiber optic cables 
(Oriel Corp Model 77577 output & 77578 receiver; transmittance range: 260-2200 nm 
for both). The light enters the ITO waveguide within which it is totally internally 
reflected until it is refracted out through the outcoupling prism. Total internal reflection 
(TIR) occurs because the refractive index of the ITO waveguide medium is higher than 
the refractive indices of the glass substrate and the film-analyte superstrate.  The light 
exiting the planar waveguide via the exit prism was collected by a second fiber optic 
cable and directed to an Ocean Optics USB2000 detector (detector range: 200-1100 nm) 
to be displayed by the OOIBASE32 program (Ocean Optics Inc).   
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Figure 29: Optical range of individual parts used in the spectroelectrochemical cell 
setup.  
 
As shown in Figure 29, in principle, the optical range is curtailed by the glass 
substrate to the ITO electrode at low wavelength.  The upper wavelength region 
appears to be curtailed primarily by the Ocean Optics grating used.   For data acquired 
<400 nm or >700 nm the total amount of light collected is low and it is anticipated that 
noise will be correspondingly increased. 
Data was acquired using a single spectra collection, at typically 10 ms integration 
time.  More details on the spectra collection rate will be given when discussing the 
Shewanella experiments.  
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Validation of surface confinement via tris(2,2')ruthenium(II) (Ru(bpy)3
2+) 
 The spectroelectrochemical cell was tested with tris(2,2')ruthenium(II) chloride 
to verify the system can simultaneously measure evanescent wave light spectra and 
electrochemistry. This section reports on that validation. 
 The choice of an appropriate chemical to validate the spectroelectrochemical 
system performance is of great importance since the criteria below have to be met.  
First, the analyte (usually a complex ion) must have different oxidation states such that 
one oxidation state absorbs much more strongly than the other at an accessible 
wavelength.  Second, the complex ion or its ligands must be able to partition into the 
selective film (in this case a thin layer of montmorillionite clay) and be pre-
concentrated. Third, the complex ion must be relatively stable in both oxidation states.  
Fourth, the complex ion must be electrochemically active and exhibit facile 
electrochemical behavior at the ITO electrode.  Finally, the redox potential of the 
complex ion couple must be accessible within the electrochemical potential window of 
the ITO electrode. 
 The validation of the electrochemical and optical measurements made with the 
homebuilt spectroelectrochemical system was tested with the reversible tris(2,2’-
bipyridyl)ruthenium(II)chloride hexahydrate ([Ru(bpy)3]
2+) complex. This method tested 
both the evanescent wave mode of the light spectroscopy and the electrode setup.  
 Tris(2,2’-bipyridyl)ruthenium(II)chloride hexahydrate was chosen as the model 
analyte for this validation work since it is the best candidate that satisfies all of the 
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above mentioned. The redox couple, [Ru(bpy)3]
2+ / [Ru(bpy)3]
3+, has well defined and 
reversible electrochemical behavior. [Ru(bpy)3]
2+ absorbs strongly at 460 nm whereas 
there is no absorption by [Ru(bpy)3]
3+.  It is expected that both [Ru(bpy)3]
2+ and 
[Ru(bpy)3]
3+  will be ion-exchanged and intercalated into the interlayers of a clay film 
due to the clay having an anionic charge and the complex having a cationic charge. The 
clay film is used to confine the complex to the surface of the electrode. The structure of 
[Ru(bpy)3]
2+ is propeller-shaped and matches the geometry of the hexagonal holes of 
the clay, allowing for better intercalation within the clay matrix. [128-131] 
 A thin clay coating was placed on an ITO slide before the slide was placed into 
the electrochemical cell. A fresh clay coating was used for each replicate of this 
validation experiment. The clay coating was applied by first cleaning the ITO slide with 
isopropyl alcohol, laying it on a flat surface, then pipetting 500 μL of a 1 g/L Sodium 
Wyoming montmorillonite (SWy-1) (obtained from the Source Clay Minerals Repository 
at Purdue University, Indiana) clay solution and letting the solution evaporate, leaving 
behind a thin clay layer. The amount of clay present was not optimized for this 
experiment. 
 After the spectroelectrochemical cell was assembled with the thin clay layer on 
the ITO slide, a solution containing 0.1 mM [Ru(bpy)3]
2+ and 0.01 M NaCl was pumped 
into the electrochemical cell. [Ru(bpy)3]
2+ was absorbed into the clay layer and after 
some time had passed was then measured in the visible light region when a sweeping 
potential (i.e. a CV) was applied.  The applied potential oxidized the [Ru(bpy)3]
2+ to 
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[Ru(bpy)3]
3+.  The oxidation occurred at 1.13 V and all experiments had the applied 
potential sweep from 0.9 V to 1.3 V back to 0.9 V at a scan rate of 0.01 V/s.  When 
sweeping negative the [Ru(bpy)3]
3+ was reduced back to [Ru(bpy)3]
2+.  The reduction was 
confirmed both by the current and the observed absorbance. 
One aspect of using [Ru(bpy)3]
2+ in this experiment was making sure enough time 
had elapsed for the molecule to saturate the clay film.  As the [Ru(bpy)3]
2+ concentration 
in the clay film increased so did the peak height of the cyclic voltammogram (Figure 30) 
while the magnitude of light absorption change increased (Figure 31). The absorbance 
appeared to remain constant after an hour of saturation while the CV increased in 
current through two hours, indicating the absorbance samples a smaller solution depth 
than the CV. Figures 30 and 31 are spectra from the same experiment, which illustrates 
how this experimental set-up can measure light and electrochemical spectra at the 
same time.  
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Figure 30: The measured CV current (scan rate: 10 mV/s) increases over time as 0.1 mM 
[Ru(bpy)3]
2+ in 0.01 M NaCl saturates the clay film. The arrows indicate the direction 
each peak is increasing as time progresses. Samples were taken at 30 min, 60 min, and 
70 min with 10 min increments thereafter to 120 min. 
 
 
Figure 31: The measured 474 nm light absorbance over time. Each light spectrum was 
taken the same time as each CV in Figure 7. Light spectra data points were taken every 2 
sec. The applied potential (from 0.9 to 1.3 to 0.9 V) is on the right y-axis, relating how 
the light spectra changes with applied potential. 
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 The light absorbance plateaus earlier than the current, seen in Figure 32. In 
order to visualize the data better each value was normalized to 1 = minimum signal. This 
result was not investigated further. 
 
Figure 32: Values of the current and light absorbance from Figures 7 and 8 after being 
normalized to 1 = minimum signal. 
 
 
Figure 33: An overlay of the final 474 nm absorbance change taken from separate 
[Ru(bpy)3]
2+  experiments. The applied potential (from 0.9 to 1.3 to 0.9 V) is on the right 
y-axis. 
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 The [Ru(bpy)3]
2+/[Ru(bpy)3]
3+ based experiment was repeated multiple times 
with the final light absorbance of each day plotted in Figure 33. The variation in the light 
absorbance at the switching potential is noticeable at -0.159 (± 0.018). This was 
attributed to variation in clay film formation consistent with earlier reports. [132-134] 
The results from the [Ru(bpy)3]
2+ experiments agree with literature values [21] and 
validate the spectroelectrochemical setup. 
 This experiment validates that the fact that this setup only samples surface 
confined species, albeit the light absorbance samples a smaller depth than the CV. This 
is relevant as the microbe Shewanella putrefaciens can be tested at the ITO surface 
rather than the entire bulk solution. 
Validation with Cytochrome c 
 S. putrefaciens has cytochrome c in its outer membrane (OM), which absorbs 
specific wavelengths based on whether it is oxidized or reduced. [135] Studying the 
absorbance wavelength should provide another method to determine the redox state of 
the microbes. To verify the spectral signature expected from the cytochrome c of the 
microbial OM wall, experiments were performed with pure cytochrome c. 
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Figure 34: Purified equine heart cytochrome c light difference spectra (Io obtained at Ei 
and I obtained at the switching potential, Es). The spectra labeled “oxidized” refers to an 
oxidized sample of cyt c that was subsequently reduced. The spectra labeled "reduced" 
refers to a reduced sample of cyt c that was subsequently oxidized.  
 
 In Figure 34 a 3 μM purified equine heart cytochrome c (Sigma Aldrich) in 0.1 M 
KCl solution was run in evanescent wave mode in the spectroelectrochemical cell. Air 
oxidized and sodium dithionite (Mallinckrodt Baker, Inc) reduced cytochrome c were 
tested for comparison. In the case of the air oxidized cytochrome c a difference spectra 
was obtained at Ei +0.2 V (oxidized state) and Es -0.5 V (vs. Ag/AgCl) (reduced state). In 
the case of the chemically reduced (dithinonite) cytochrome c, a difference spectra 
where Io was obtained at -0.1 V vs Ag/AgCl (reduced state), and I was obtained at +0.2 V 
vs Ag/AgCl (oxidized state).  The resulting spectra display the Soret reduction band (for 
air oxidized) and the Soret oxidation band (for dithionite reduced) bacteria. [135,136] 
 There are some differences between our experiment in Figure 34 vs literature 
results. [136] The absorbance of our experiment was much lower. Figure 34 has a peak 
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absorbance difference of ~0.015 for the Soret band around roughly 414nm. Literature 
has the peak absorbance difference of ~0.5 in the same Soret band region. The 
difference is likely from using evanescent wave mode, which only measures ~100 nm 
above the ITO surface. Literature, however, had the cytochrome c observed in a 
transmission experiment while it was immobilized at the electrode surface in a 30 μm 
thick biofilm of Geobacter sulfurreducens grown over 96 hr. [136] The lower net signal in 
the evanescent wave mode accentuates signal to noise issues related to the CD 
(uncooled) detector. The signal-to-noise ratio could be increased with increased 
integration time and waveform summation, and/or averaged number of CV scans.  The 
breadth of the reduction peak is larger than in literature. [136] Literature has the 
spectral peak at 410-418 nm while Figure 34 ranges from 420-475 nm. 
 It will be noted, that consistent with the lower expected intensity of light 
collected at longer wavelengths that the noise level increases substantially. Although 
the noise level is large, the signal between 400-500 nm is clearly resolved from the 
baseline noise at the level of ± 3 standard deviations. There is significant change in the 
500-600 nm region associated with the Q bands. The Q band peaks at 523 nm and 552 
nm are not resolved from each other. A potential reason for unresolved peaks is 
adsorption to the electrode surface. 
 A ΔA limit of detection is calculated to be from the noise near 450 nm of 0.0016 
absorbance units. From these values the signal limit of detection is calculated to be ± 
0.005 absorbance units. 
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Part V: Application of the Spectroelectrochemical System to Shewanella putrefaciens 
 The entire spectroelectrochemical system was applied to the study of the 
microbe Shewanella putrefaciens. The setup was tested for its ability to observe the 
Soret band of the intact microorganism. The experimental protocol is shown in Figure 
35. 
 
Figure 35: Visualization of the S. putrefaciens procedure. 2 hr of cell deposition at 0.2 V 
followed by a 5 mV/s CV scan to -0.5 V and back. Light spectra captured once a minute 
during the 2 hr deposition and every 2 sec during the CV. OD650 taken before and after 
the experiment. Imaging of the dried ITO slide was taken after the experiment. 
 
The evanescent signal was captured from 200 nm to 900 nm during the entire 
experiment, however only the region from 400 nm to 700 nm was analyzed. Light 
spectra were captured once a minute during the 2 hr of applied potential (for 120 
spectra) and every 2 sec during a 5 mV/s CV (for 140 spectra). A new light spectra 
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reference, Io, was captured before the CV began and CV absorbance is reported with 
respect to this new reference. All light spectra were converted to absorbance relative to 
the initial spectra taken at the start of each respective scan. This procedure is visualized 
in Figure 35. 
 An example of the utility of the combined electrochemical evanescent wave 
spectroscopic method is shown with Figure 36. The goal is to combine optical and 
electrochemical measurements. With an applied potential of +200 mV (vs. Ag/AgCl) for 
2 hr both the current and light absorbance can be measured. Figure 36 only displays 
absorbance at 695 nm for ease of viewing (even though absorbance from 400 nm to 700 
nm was analyzed). The magnitude of the maximum current is consistent with that 
obtained by a working microbial fuel cell at 0.2 μA/cm3. [137] 
 The spectral trace for 695 nm, assumed to measure total microbial attachment, 
shows an initial attachment phase, during which the current is accelerating.  The peak 
current begins to decrease ca. 2000 s, but the rate of decrease alters at ca. 3000 s.  The 
rate of current loss (possibly due to cell death) diminishes at the same time that new 
cells are seen to arrive at the electrode.   
 The peak in the light spectra around 3000 s is significantly after the sharp current 
increase. Since the light spectra only measures within ~100 nm of the electrode surface 
it may be that the microbes initially interact with the electrode without being in direct 
contact. It is also possible that the first attached microbes may result in an increased 
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amount of microbes, almost serving as a catalyst, resulting in microbes rapidly attaching 
in large groups instead of a slow, consistent rate of attachment. 
 
Figure 36: Current (red line) and absorbance at 695 nm (blue line) measured during 
+200 mV (vs. Ag/AgCl) of applied potential. 
 
 Spectra were also acquired during the CV taken after loading in the 
electrochemical call at 0.2 V for 2 hr, similar to the [Ru(bpy)3]
2+ and cytochrome c 
experiments described above. See Figure 37. Each graph uses its respective reference 
spectra, Io, obtained after two hours of +0.2 V applied potential. The blue lines are the 
average spectra of multiple separate experiments obtained at the switching potential of 
the CV. The red lines illustrate the average spectra obtained at the end of the CV. 18 
different experiments were averaged at 5 mV/s and 8 different experiments were 
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averaged at 100 mV/s. 3 different experiments were averaged for both 200 mV/s and 
300 mV/s.  
 Every experiment showed absorbance peaks around 422 nm and 570 nm.  The 
422 nm peak, the location of the Soret region, was nearly twice as large for the 5 mV/s 
scan rate compared to the 100 mV/s and 200 mVs scan rate.  This suggests that more 
material was reduced when a longer time was allowed for electron transfer. Another 
difference between the 5 mV/s and higher scan rates is a return to initial conditions. At 
high scan rates the absorbance at the final potential did not change much from that 
obtained at the switching potential, consistent with a lack of re-oxidation. At 5 mV/s it 
can be observed that more of the material is capable of being re-oxidized. 
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Figure 37: Averaged light spectra taken during a CV with different scan rates. Each scan 
rate was offset for clarity. For each scan rate the blue line was taken at the switching 
potential and the red line was taken at the end of the CV. Both used the respective 
initial spectra as the reference spectra. The 5 mV/s had a standard deviation of 0.01 A, 
100 mV/s had 0.003 A, 200 mV/s had 0.0025 A, and 300 mV/s had 0.002 A. 
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 Each averaged spectra in Figure 37 were taken either at the switching or initial 
potential of a CV. The current is expected to increase with scan rate. 
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The total current is expected to increase linearly with scan rate, v.  The first term is the 
moles present, the second the scan rate, the third constants, and the final term is 
exponential decay on either side of the peak.  The charge passed is the integrated 
current.  It is expected to be constant with scan rate.  At faster scan rates v increases 
and the current increases. The total time however decreases such that 
idt            (22) 
drops correspondingly. 
 The total charge during the reduction half of each CV (i.e. the area under the 
curve) was calculated with equation 23 and shown in Table 3. 
Q = ∑idt          (23) 
In equation 23 Q is the total charge, i is the current, and dt is the change in time. The 
total charge produced was fixed for each scan rate, which is expected for a surface 
confined species. However when adjusted for the scan rate each experiment had a 
similar total charge (~0.5 μC), indicating that the same amount of charge transfer occurs 
at all measured scan rates. This is in contrast to the absorbance signal. The magnitude of 
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the absorbance change decreased as scan rate increased. This would suggest that 
absorbance is responding inequivalently to current, which would suggest it gives 
different, complementary information. 
Scan Rate (mV/s) Total Charge/Scan Rate (μC/(mV/s)) 
5 0.572 
100 0.593 
200 0.557 
300 0.575 
Table 3. Values from Figure 37. The "Total Charge/Scan Rate" is the total amount of 
charge during the reduction half of each corresponding CV divided by the scan rate. 
 
 The effect of scan rate can be seen more clearly in Figures 38 and 39.  Figure 38 
re-plots the switching potential spectrum from Figure 37. This shows the slower the 
scan rate the greater the change in absorbance. Likely as the slower scan rate has more 
reduction time.  Figure 39 shows the spectrum previously shown in Figure 37. The 
spectra maintained the same order as observed at the switching potential. One notable 
difference is that the 5 mV/s end spectrum decreased by a greater amount than the 
spectrum obtained at the switching potential. This is likely due to the greater re-
oxidation time.  Table 4 shows the time each scan rate spent being reduced and re-
oxidized. Overall it appears spectra changed a greater amount when more time is spent 
under applied potential, whether oxidized or reduced. 
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Figure 38: The average absorbance at the CV switching potential for different scan rates. 
Data shown in Table 3. 
 
 
Figure 39: The average absorbance at the end of a CV for different scan rates. Data 
shown in Table 3. 
 
Scan Rate (mV/s) Reduction Time (sec) Re-Oxidation Time (sec) 
5 120 80 
100 6 4 
200 3 2 
300 2 1.33 
Table 4. CV time spent being reduced and re-oxidized based on formal potential. 
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Figure 40: 650 nm (red line) and 419 nm (green line) absorbance during a 5 mV/s CV. 
The 650 nm and 419 nm absorbance are on the secondary y-axis.  
 
 Figure 40 shows the change in absorbance at 650 nm and 419 nm during a single 
CV. The absorbance at 419 nm was chosen as it is attributed, in this experiment, to the 
cytochrome c Soret band (see Figure 34).  650 nm was chosen for the same reason that 
it is commonly used to monitor cell culture growth.  It lies outside of the Soret and Q 
band region.  As a result it should be a generic monitor of attachment as compared to 
oxidation state. As the CV sweeps negative to a reducing potential both absorbances 
decreased as microbial reduction and detachment was believed to occur. The 419 nm 
absorbance decreases during the reduction peak and seems to stop decreasing after the 
peak returns to baseline. If the 419 nm absorbance only changes during the reduction 
peak then the wavelength may be indicative of an electron transfer event. The 650 nm 
absorbance steadily decreases during reduction. It is believed that the detachment of 
microbes would result in less light being reflected, thus decreasing absorbance. The 
trendline associated with each wavelength indicated that the different light spectra may 
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measure different events. It is unknown whether the detachment is related to the 
microbe being reduced or happens due to reaching a potential and is unrelated to 
electron transfer. 
Part VI: Preliminary Experiments Using Thin Clay Films 
Preparation of Montmorillonite Clay Suspension 
Exploratory experiments were performed with the microorganisms at clay-
modified electrodes. The goal was to determine the impact of a small barrier (clay) that 
is a natural component of microbial environments, on electrochemical activity. Standard 
clay (Sodium Wyoming Montmorillonite (SWy-1), Source Clay Minerals Repository at 
Purdue University, Indiana) was prepared by adding about 15 g of powdered clay to 0.5 
L of deionized water and stirring periodically for 48 hr. The suspension was then 
centrifuged at a relative centrifugal force of about 26.5 xg for 6 hr using a Marathon 
2100R centrifuge (Fisher Scientific). The supernatant, which contained about 5 g/L clay 
with a particle size less than 0.2 µm, was decanted and stored in vials. A known volume 
of this solution was taken and diluted to 1 g/L and stored in a separate vial. The 
concentration of the clay suspension was estimated by drying a known volume in a pre-
weighed beaker and determining the mass of the dried clay.  
Preparation of ITO Slide and Clay Film 
 For experiments that have clay on the ITO slide, the clay coating was applied by 
first cleaning the ITO slide with isopropyl alcohol, laying it on a flat surface, letting it air 
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dry, then pipetting 500 μL of a 1 g/L clay solution onto the center of the ITO slide and 
letting the solution dry overnight, leaving behind a thin clay layer. 
Shewanella putrefaciens on a Clay Modified Electrode 
 A limited amount of experiments were performed with a thin clay layer on an 
ITO electrode as the majority were performed without a clay coating. Due to the 
minimal amount of clay modified electrode (CME) experiments the only reportable 
results are from preliminary testing. This section reports on the experiments utilizing a 
CME.  
 The shape of a CV taken on a CME was similar to one taken on a bare electrode, 
seen in Figure 41.  The CME also showed the magnitude of the Faradaic reduction peak 
is linearly dependent upon scan rate just like the bare electrode experiments, shown in 
Figure 42. This is consistent with a surface confined reaction, as a diffusion process 
results in the peak height increasing by the square root of the scan rate, represented by 
the dashed line in Figure 42. This result indicates direct electron transfer (instead of 
mediated electron transfer) during the reduction process is operative even in the 
presence of a thin clay film. When a 500 uL suspension of 5 g/L clay is spread over the 
surface of the ITO slide it resulted in a clay film thickness of 1.2 μm, as estimated from 
previous work for the same electrochemical cell and ITO setup. [124] 
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Figure 41: Two separate experiments of 5 mV/s S. putrefaciens CVs after 2 hr of 200 mV 
applied potential. One taken with a thin clay layer on the ITO electrode (denoted as 
"Clay", OD650 0.799) and one without clay on a bare ITO electrode (denoted as "Bare", 
OD650 0.483). 
 
 
Figure 42: Graph of scan rate vs peak reduction current with and without clay. 
Corresponding R2 values are included with each linear trendline. The green dashed line 
represents a theoretical diffusion curve. 
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Taking a CV without applying 200 mV potential can result in much smaller peaks, 
as shown in Figure 43. The purple line, labeled “Bacteria No Applied Potential”, was 
taken without 200 mV of potential being applied.  Contrasting that is the black line, 
which has much larger peaks, as it was taken after 10 min of 200 mV potential being 
applied. The results shown in Figure 43 are on a clay coated ITO slide, indicating that the 
bacteria can be detected even with a thin clay layer on an electrode.  The line labeled 
“Clay Water” was tested with DI water with the same set up.  This line is similar in 
nature to the “Clay TSB” line, which was taken when an autoclaved tryptic soy broth 
solution was pumped into the cell.  All CVs in Figure 43 were taken with the same clay 
coating.  A difference between Figures 11 and 43 is that the CV for water is similar to the 
tryptic soy broth CV in Figure 43, unlike in Figure 11.   
 
Figure 43: 100 mV/s CV spectra of S. putrefaciens compared to a sterile TSB solution and 
DI water on a clay coated ITO slide. 200 mV was applied for 10 min for the "200 mV 
Bacteria". No potential was applied for "Bacteria No Applied Potential". 
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CHAPTER 3 
CONCLUSION AND FUTURE WORK 
Conclusion 
 The combination of these experiments indicates that anaerobically grown S. 
putrefaciens attaches to the ITO electrode and undergoes reduction, detachment, and 
begins reattachment during the CV, though reattachment is incomplete.  Attachment 
was enhanced when a +0.2 V potential was applied.  This was expected as literature also 
indicates that Shewanella can recover the ability to transfer electrons to an electrode by 
having a positive potential applied for an extended time.  Without any mediators, 
planktonic cells, or other electroactive species available the only source of electron 
transfer would be from the microbes themselves. Scan rate affects the change in light 
absorbance due to the change in time spent reducing and oxidizing.  Evanescent wave 
spectroscopy can detect purified cytochrome C along with the redox changes of 
cytochrome C (between ~410-430 nm) and the detachment of microbes (around 650 
nm). 
Future Work 
 Further experiments can be performed to further elucidate the optimal 
conditions for Shewanella putrefaciens growth and methodology. When microbes were 
frozen for future use the culture was captured in the growth phase without regard to 
OD650. Determining the optimal OD650 for freezing could be determined based on how 
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long it takes a new culture to reach the desired OD650 after inoculation. This can be 
beneficial as frozen samples at different OD650 values can be available for when different 
culture times are needed based on when the experiment will be performed. 
 Likewise the volume of the TSB used was not optimized. Running growth curves 
on different volumes of TSB may indicate if the volume alters the time required to reach 
a certain OD650. This can be combined with a frozen sample mentioned above to prepare 
a culture overnight and have it ready to be tested at a specific time with a 
predetermined OD650. 
 Varying the applied potential, along with the how long it is applied, can affect 
the necessary attachment time. Literature has demonstrated the effectiveness of up to 
+0.4 V of applied potential. [19] Testing a greater range may determine when increased 
potential no longer increases effectiveness but rather poisons the microbe.    
 The S. putrefaciens was always tested with the light source on so it is unknown if 
the light had an effect on the electrochemistry. Running the electrochemical 
experiments without any light would determine if there is an electrochemical difference 
between having the light source on or off. 
 Increasing the sampling rate of the light spectra to match the sampling rate of 
the electrochemistry would provide a more in depth examination of data. The light 
spectra were sampled at a lower rate due to the time intensive nature of deconvoluting 
the data. Arranging a better system to work through the spectral data would allow for 
more measurements and have them directly match up with the electrochemistry for 
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each point throughout the experiment. Likewise the number of light spectra averaged 
could be changed, which may smooth the change in light absorbance over the course of 
the experiment and reduce the associate standard deviation. 
 Using a different microbe in the spectroelectrochemical setup can provide 
results to analyze the effect of the setup on the experiments. Other microbes are known 
to be electroactive, such as different members in the genus Shewanella, [6] 
Pseudomonas, [6] or Geobacter. [82] Likewise instead of using a pure culture of only one 
microbe, a culture of multiple microbes can be tested to determine if multiple species 
increase columbic yield. Gates et al. [85] demonstrated that a mixture of five 
Pseudomonas species of bacteria was more effective at reducing ferruginous smectites 
than any of the individual species alone. 
 S. putrefaciens has been demonstrated to utilize direct electron transfer with no 
electron mediators found. Adding a mediator may have an effect on experimental 
results. Having another electron transfer pathway may increase the rate of electron 
transfer, the current, or possibly even alter the cytochrome concentration within the 
outer membrane of the microbe. An increase in electron transfer may be seen as 
sharper, narrower redox peaks and faster changes in light absorbance. 
 Adding a layer of clay to the ITO slide may affect the attachment and/or electron 
transfer efficiency of the microbes. Preliminary results indicate a similar shape of a CV 
though with smaller redox peaks. Adjusting the amount of clay added can determine the 
ideal clay thickness.  Likewise the clay can be changed between montmorillonite, 
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nontronite, a different clay, or some mixture of clays with the intent of maximizing 
microbial attachment without reducing current. Adding a mediator may help increase 
current if it can move through the clay layer to increase electron transfer. 
 Ultimately testing S. putrefaciens in a microbial fuel cell will demonstrate the 
amount of current that can be produced for electricity generation. The food source used 
for the microbes could be wastewater or other naturally occurring materials. By using 
waste products the MFC could generate electricity while performing bioremediation.  
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